Study of the Design Problems

of an
Integrating Television Tube
for

Astronomical Research

FINAL REPORT

December 1964

Prepared for Princeton University Observatory
Space Telescope Program, Princeton, Rew Jersey

Under Subcontract No. 1, NASA Grant NSG-L41L4

By

Westinghouse Electric Corporation
Electronic Tube Division
Box Th6
Baltimore, Maryland

Electronic Tube Division

Westinghouse @—



IS NI REEEEEEERgEEEEE®

1.0

2.0
2.1
2.1.1
2.1.2
2.1.3
2.1.4
2.1.5
2.1.6
2.1.7
2.1.8
2.1.9
2.1.10
2.1.11
2.1.12
2.1.13
2.1.1%
2.1.15
2.2

3.0
3.1
3.1.1

3.1.2
3.1.2.1
3.1.2.2
3.1.3
3.1.4

TAELE OF CONTENTS

mTRODmmON © o & o © © 0 o © e e a8

SUMMARY OF STUDY AFD RECOMMENDATIONS

SUmETY o o s o o o«
Storage Capacity. .
Prestorage Gain ., .
Detectabiiity . . .
Spatial Resolution.
Mode of Readout . .

Beam Pulling - Spot

°

e e o o

L3

°

L]

<

o

o

]

o

Spreading
Terget Configuration. . o . »
Signal-to-Noise Ratio . . . .
Target Disturbance Noise. . . .
Charge Readout Reproducibility.
Focusing. « o o v o o o o o o &
Integration Time. . . .
Production Status . . .
Ruggedness. « o « . . .
Estimate of Performance
Recommendations . . . .

DETAILS OF STUDY « o o o o &

L

.

.

o

Optechon. . v ¢ ¢ ¢ o o o

History of Accomplishments Prior to
Start of Program. . « . »

Theory of Operation . . . .
Sumary « o ¢ ¢ o6 o ¢ o o
Details of Operation.
Signal-to-Noise Ratio
Experimental Results.

Electronic Tube Division

L]

L

°

L]

o o L]

Ansalysis.

° ° ° ©

o

Westinghouse @—

Page
° L L L] * o ° h
o o o o L] o o h
o o L ° o o L] ‘4
L] L] e o L] o -1 2"
o L] ® o o o ° h
o -3 L] -3 * o ] 7
@ o o0 o o o o 7
© o © ©o e o o 9

o - L4 . o [ L] 10
* - L ] L o o L] lo

e O O

e e o o o 4 e 13
e o o e o o o 13
e e o o e s s 14
e o e s o 0 s 1k
o o e o s o 4 16

o o * o ® 7. ° 18
© & ¢ o o o o 18

® o o o o o o 18
¢ @ o o o e o 19

e

L]

°
e RBE&




3.1.5
3.1.5.1
3.1.5.2
3.1.5.3
3.1.5.k
3.1.5.5
3.1.5.6
3.1.5.7
3.1.5.8
3.1.5.9
3.1.5.10
3.1.5.11
3.2
3.2.1
3.2.2
3.2.2.1
3.2.3
3.2.4
3.2.4.1
3.2.4.2
3.2.4.3
3.2.4.4
3.2.4.5
3.2.4.6

3.2.h.7
3.3
3.3.1
3.3.2
3.3.3

---‘----'---

APPENDIX A
AFPPENDIX B
APPENDIX C

Applicable Properties - Optechon.

Storage Capacity. « « « « o « .

Readout Mode. . . . . . . . . .
Positional and Size Accuracy. .
Target Configuration. . « . .
Signel-to-Noise Characteristics
Production Status « « « ¢« « . .
Ruggedization . . o ¢« o v ¢« o &

o

Reproducibility of Charge Readout

Target Disturbance Noise. . . .
Focusing. . « ¢« v o ¢ ¢ o o o &
The SEC Vidicon « « v o o o & »
Historical Background . . . . .
Theory of Operation « « « . . .

SEC Vidicon Datee « o -6 o 0.0 o-

Signal-to-Noise Ratio Analysis.

Electronic Tube Division

°

Westinghouse @—

Page

@ & o°o e & o e o e 5)+
Spa-tiﬂ IbSOJ.ution ® e o o ¢ © o e o @ ¢ © & e o e o 51+

.

e v o o e s s s 5k

e e o o ¢ o o o 60
e © & o o6 o o e 61
& o ¢ o e ¢ o o 62

SPEIR

¢ o o o o o & o 65
L] - * L J o . L] L] %
® o 0 e o o e o 76

e o ¢ s o o 0 6 s 17
Applicable Properties and Experimental Results. . . 80
Reproducibility of Charge Readout « o « o o o o« o o 81
Point-Source Image Diameter and Beam-Bending. . . . 86
The Effective Capacity for a Point Image. . o . . . 95
Long Term Integration « « o o « o o ¢ « o o o o o o 97
The Effect of Neighboring Point Imeges. . . o o o 98

Target Performance in the Fhotometry of
Med Am“. L] o o L ] o ° o L] L] o L] o o o o L] ° 103

Fixed-Pattern Noise in the SEC Vidicon. « o « » » o 110
Common Properties . . ¢« « v ¢ ¢ ¢ o o o 0 0 o o o o 113
Size, Weight, and POWer . . - ¢ ¢ « « o o o o o o o 113
Compatability of Substrate and Photosurface . . . . 115
Magnetic FOCuSIng - o o o o o o o o o o o o o o o o 117

JOENSON-NYQUIST AND AMPLIFIER NOISE. ¢ « « o o o o o o o 119
EFFECT OF LOW-PASS FILTERING ON SIGNAL-TO-NOISE RATIO. . 12k
SIGML-N—!OISEARALYSIS...c............127

i1



Westinghouse @—

Page

APPENDIX D ELECTROSTATIC LATENT IMAGE DEVELOPMENT . . o o « « = o o 149
APPENDIX E CROSSED FILAMERT LIGET SOURCE: o o « o o o o« o « ¢ o o o 151

mcES o L] L - L] L o © . o L] o o e o o ° L] - o o L] ° L] ° o ° o L] ° o 153

Electronic Tube Division

---.----'---

iii



. Westinghouse @—
. LIST OF ILLUSTRATIONS
Figure Page
. 3.1.1 WX-50Tk Optechon - Schemetic Representation. « o « o « . 20
3»1.2 ‘IX"’SO'?}'} Op'tschon bt Hlotographo © © ¢ o o o ©6 o o6 o @ o o 21
' 3.1.3 Magnified Cross Section of Tergebe o « o o o o o o o o o 23
3.1.4 Equipotentials and Electron Trajectories at the
Stome ,Ihlget o o o (-] (-] o -2 L] ] o o o o -] o o o -] o -] 2)"
. 3.1.5 FPlot of Dielectric Potential Versus Target Voltege . - 26
3.1.6 Chart Shcowing Electrode Voltages for the Various
. Ommting Conditions ° ° o e o -] L] o o o -] o o o -] (-] o 28
3.1.7 Effect of Varying Target Voltage Upon the Readout
si@a]. (-] L] o Q o e ° -3 o o -] L] -4 o -] -] o o -] o o o L] -3 29
' 3.1.8 a) Reading Transfer CurvesS: o « o o o o o o o o o a o o o o 30
3.1.8 b) Percent Small-Signal Modulation per Volt Versus
. Dielectric to Cathode Voltagee « o o o o o o« o o o o o 31
3.1.9 Optechon S/N Curves: Vidicon Mode Reading, Showing
Effect of mID 2 o o ] o o o o -3 L ] o L ] ° ] *® [ ] L] o [ ] o 36
. 3.1.10 Optechon S/N Curves: Orthicon Mode Reading, Showing
Effect Of m}ID -] o o o -] o -3 ] L 2 L] L] o o L] L] o ° L] L] ° 36
3.1.11 Optechon S/N Curves: Vidicon Mode Reading, Showing
. Effect of Beam Current o s o o o o o o o o o o o o o o 37
3.1.12 Optechon S/N Curves: Orthicon Mode Reading, Showing
. Effectofhmcmnteoobecoaonoooooo 38
3.1.13 Effect of Low Pass Filter on NoiSe ¢ o c o o o o o o o o ko
3.1.1h Stationary Target Disturbance Nois€o o o o o « o o o o o k1
l 3.1.15 Effect of Reading Target Voltage Upon Target
Disturbence Nois€: o o o o o o o o » o o 0 2 o o o o e 42
f 3.1.16 Target Disturbance Noise for an Extended-Area Signal . . Ly
3.1.17 Estimate of Target Disturbance Noise and
’ mmonstmtionofmnooooooneuoooaoooa l"s
. 301 018 Monstmtion Of ELIDO @ ¢ © o0 ¢ © © © © @ o © 0o o o o o l|'7
3.1.19 Reproducibility of Readcut - Extended Area Source. . . » L8
. 3.1.20 Reproducibility of Readout - Line Source o . . « « - o » 49
3.1.21 Integration Experiment - Zero Integration Time Readout . 50
. 3.1.22 Integration Experiment - 1 Hour Exposure at 10KV . . . . 50
l Electronic Tube Division
iv




Westinghouse @-—

Figure Page
3.1.23 Integration Experiment - 1 Hour Wait Between

Storage and madouto -] ] o L] -] o o - o o -4 L] o -] o o o 50
3.1.24 Variation in Reading Voltage with Exposure Time

to mr}‘ Cu.r,mnto ° o o © o o -3 o o o -] Q o o o o o o o 52
3.1.25 5-Minute Integration Time Experiment . o o o « o o o o 53
3.1.26 Square Wave Response Before and After 41 Hour Storage. . 56
3.1.27 Field Distribution Above Grating Storage Target. . . o . 59
392 Ol mc Vidicon Schemtico L] o -] * o L] o L3 L] o o -3 L] L ] o o 67
3.2.2 Schematic Diagram of Currents Involved in SEC

Target metion o o o © -] -] -] -] L] o o o °® -] o o o o o w
3.2.3 Conduction Gain; Secondary Gain, and Total Gain

as a Function of Target Surface Potential, Vgo - o o o 70
3.2.4 Contribution of Conductiocn Gain and Secondary Gain

to Total Gain as a Function of Target Backplate
antius -4 -] -] L] -] o o o o * o ° © o L] L] o -3 L] o o o 72

3.2.5 Variatior of Total Target Gain with Increasing

Charge Accumulation of Targeto. « o o o o o« o o o o o o 73
3.2.6 Typical Transfer Characteristics of SEC-type

Stome mets o e~ 0 o ° L 3 o o o - o o L3 o o L ] ° o o 2 71+
3.2.7 Effect of Gain and Aperture Response on Signsl-to-

NOise mtio 2 © ©o e o © © © © o0 ® o0 © © ©0 © © © e o o6° 79
3.2.8 Multiple A-Scope Trace Fhotographs of & Point Image. . . 83
3.2.9 Cut~Out Models of Point Pulses like Those Shown in -

302080 o o o (-] o L] -3 o' -] ° o o o -3 ] o -3 ] -] o o -] o [ ] 8)+
3.2.10 Schematic Diagram Illustrating Side-ways Diffusion

Of Sca-nning-kam ElECtI‘OnS ° o 3 o o o ° -] ° o [ ) [ ) ° © 88
3.2.11 Plot of Radius of Image Versus Photoelectron Mumber. . . 89
3.2.12 Diameter of a Televised Star Image as a Function of

Star Magnitude (Reference 1, Livingston) . . « o o o & 91
3.2.13 Diagram Illustrating Electrode Spacing and Applied

Potentials used for the Computer Calculations. - « » 92
30201)’.’ PlO'b Of Computer ksu:l-ts - km-kndinso 6 0o o o e o o © 9)"
3.2.15 Maintenance of Left-Right Symmetry of Point Image. . . . 99
3.2.16 Position Shift of Point Image Position with

Intensity Increase . o o o« o« ¢ o o o« o s o o o o o o o 100
3.2.17 Multiple A-Scope Trace Presentation of Cross Filaments . 102
3’2018 Ch&rge kﬂ-dout by TV Fieldso L3 o o I3 o o ° o ° o ® o o ld"‘
3.2.19 conpleteness of mmuto ° (-] -] o -3 o o e -] o o L] ] o * L] 105

Electronic Tube Division

-EEELEEEEEEEg EEEEE®



Westinghouse @-—

Figure Page
3.2.20 Surface Potential Vg and Stored Charged Qt

as a Function of EXpoSur€. « o « o « o o o o o o o o o 107
3.2.21 Surface Potential and Charge - o o o o « o « « o o o o« « 108
3.2.22 Variation cf Extended Area Capacity with

Stored Charge. « « o« = o o o o o o o « o0 0 o o o o« o 109
3.2.23 Grey Scale Rendition ¢ o o « o o o o o o o o o o o o o o 111
3.2.24 Filter Trarsmission. . = o o s o o o o o o o o o o o o o 112
3.2.25 Fixed Pattern Roise:. « o o o o o o o « o o o o o o o o o« 11k
3.3.1 Permanent Magnet Focusing. o« o« o o o o ¢ o 0o o o o o o o 118
APPENDIX A
A-l Noise Fluctuation vs. Equalization Ratio - o ¢ o o o o o 122
APPENDIX B
B-1 Effect of Bandwidth on Pulse Sha&DE o ¢ « « o o o o o o o 125
B-2 Signal-to-Noise Ratio vs. Number of Cycles per

k solution mmnt L] o L] o L] L] L o L] o L] . * L 4 L - e L 126

APPENDIX C
C-1 Orthicon Reading Mode. « o ¢ o =« o « o o ¢ s o o o s « » 129
c-2 Vidicon Reading Mode . . . v & & o o v o o ¢« o o o o « o 130
C-3 Reading Transfer Characteristics o o ¢« o o o o o o o « o 133
C-4 Percent Small-Signal Modulation Vg Dielectric to

Cathcde Voltagee « o o o o o o o o 0 0 o o o o o o o » 135
C-5 Aperture Response of Optechon. + « o =« o o o o o« o o o » 138
c-6 Asymptotes for an Equation in the Form

&KX+ B2 o oo e e e e .. 15
APFENDIX E
E-1 Croesed Filament Light Source. o « o o o o o o o o o o o 152

Electronic Tube Division

---‘----'---



Westinghouse @—-

LIST OF TABLES

Table Page
2.0 Comparative Summary of Properti€s. o o o o o o o o o o o 5
3.1.1 Optechon S/N RBEL0 « o o o o o « o o « o o o o o o o o o 38
3.1.2 Electrical and Storsge Capacitance per Image Element . » 55
3.2.1 SEC Vidicon S/N Rati0s o o o o o o o a o 0 o o o o o o o T8
3.2.2 Reproducibility of Charge Readout. o « o« o « o o o o o o 85
3.2.3 Record of Computer Results - Beam Bending. « - o o o o o 93
3.2.4 Filter Transmission for Figur® 3.:2.23. o o o o o o o o o« 110

Electronic Tube Division

vii



Westinghouse @—-

Contributors:

Electronic Tube Division

A. S, Jensen

I. Limansky
W. G. Beininger
M. P, Siedband
G. W. Goetze

Research Laboratories

E. J. Sternglass

A, K. Rigler
M. Green

Aerospace Division

F. B. Marshall
R. A. lee

J. A, Hall

R. S. Cortesi
G. D. Roane

Electronic Tube Divigion

viii



Westinghouse @—

1.0 INTRODUCTION

The advantages to be gained through the use of an imaging tube
have long been appreciated and several investigators* have devoted much
time and effort in evaluating the performance and limitations of contem-
porary tubes. There has been general agreement that a storage tube could
have the main advantages of large storage capacity, and the capability of
parallel vwrite-in and serial read-out of the information that would be
useful in many astronomical applications. Space astronomy is one
application where the integrating imaging tube has been seriously
considered as a replacement for the scanning photomultiplier, and the
Westinghouse UVICOR is slated for the Smithsonian experiment of the OAOQ
series.

Even though the concept of an integrating image tube appeared
desirable from an analytical point of view, it rapidly became apparent to
experimenters that if state-of-the-art imaging tubes were to be used,
compromises had to be made which often nullified the advantages that were
hopefully expected. Resolution, positional accuracy, signal-to-noise ratio,
and sensitivity often had to be traded off one against the other in order to
approach the requirements of a particular application. One or more break-
throughs in the imaging tube field were evidently needed to enable.the use
of these tubes to their maximmm capabilities.

Westinghouse Electric Corporation has conducted research and
development in the imaging tube field both at the Westinghouse Research
Laboratories and at the Electronic Tube Division. As the direct conse-
quence of this work, the SEC Vidicon and the Optechon were developed.
These two are the integrating image tubes considered in this study, each
having certain advantages to contribute to the problem at hand.

\

*
References 1 through 25 represent a fraction of the total effort expended
on imaging devices.

Electronic Tube Divigion
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We will consider three main applications of the integrating image
tube to astronomical studies. In order of importance for this study:

1) Stellar spectrophotometry
2) FPhotometry of extended sources
3) Binary resolution - faint point sources.

Stellar Spectrophotometry

This application is one of the main purposes for the Princeton
University Observatory OAQ experiment., In general, absorption
spectra of low contrast are to be expected from faint stars.
Spectra in the wavelength range of 1200 to 6000 2 are of primary
interest, although the 900 to 1200 X range is also desirasble.

Photometry of Extended Sources

This application generally involves low-contrast signals

but may also have a bright point source with a low-contrast
surround.

Bi_in_zz Resolution - Faint Sources

Bere, the relative position of two faint sources, or a
faint and a bright source, is of interest as well as any
intensity fluctuations of these sources.

The goal of any imaging tube used in these applications is its
ability to measure 400 photoelectrons per image element with an accuracy
of 10 percent, which a photomultiplier can achieve at present. Seldom
more than 101" photoelectrons per image element should be necessary for a
maximm integration time of 100 minutes and the signal-to-noise ratio
should permit a one percent accuracy. The contribution of the unresolved
star background radiation is considered to be negligible. The maximm
readout time of the stored information is one minute at & maximm band-
width of 62.5 Kc/sec. A total resolution of 500 line pairs at 50 percent
response is considered adequate, slthough better resolution is desirable.

An important consideration is that the data obtained from the
imaging tube must be capable of being processed into a digital format:
consequently, the data reproducibility is paramount, particularly in photo-
metric applications. No two-dimensional display is required except possibly

Electronic Tube Division
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for preliminpary set up of equipment.

Since eventually the imaging tubes will be used in a spacecraft,
ruggedness of the tubes and the weight and volume of the system required
will also be of importance.

The SEC Vidicon and the Optechon considered in this study, have
been evaluated on the basis of several properties that would have a definite
effect either on their performance or their utilization in astronomical
work. Some of these properties also limit the applicability of the Vidicon
and Image Orthicon; others are peculiar to the two tubes under consideration.
Also, as noted previously, the application will often dictate which of these
properties is of importance. The properties considered are noted below,
not necessarily in their order of importance.

1. Storage Capacity

2. Prestorage Gain

3. Detectablility

4, Spatial Resolution

5. Mode of Readout

6. Beam Pulling and Spot Spreeding

7. Target Configuration (fixed or movable)

8. Signal-to-noise Ratio ¥8. Photoelectrons per
Image Element

9. Target Disturbance Noise
10. Charge Readout Reproducibility
1l1. Focusing
12. Integration Time
13. Production Status
14. Ruggedness

In addition to these, the ubiquitous weight-volume-power properties
must also be considered. For the two tubes, when Space is considered, these
factors will be largely similar.

Electronic Tube Division
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2.0 SWMARY OF STUDY ARD RECOMMENDATIONS
2.1 Summary

The properties to be compared for the Optechon and SEC Vidicon
have been outlined in Section 1.0. Table 2.0 is a brief summary of the
rerformance of the tubes with respect to these properties and the following
text references the body of the report for further data.

2.1.1 Storage Capacity

Baumé/ emphasizes storage capacity in an astronomical sensor,
giving i1t more importance than quantum efficiency for extending the threshold
of detection. In both cases the Optechon and SEC Vidicon have a storage
capacity well in excess of that required ( R 109 electrons/cm?) even at the
highest resolution provided by the Optechon (25 micron image element).

In the Optechon, the elemental electrical capacitance is much
higher than that of the image orthicon (Section 3.2.%4.1), since the lattexy
depends upon the closeness of the target mesh to the storage membrane
( ® 0.001 inch) while the coplanar grating storage target structure permits
the elemental capacity to be detemmined by the thickness of the dielectrj.cray
( 2 0.5 micron). The storage capacity for the Optechon 1s covered in
Section 3.1.5.1-

The storage capacity of the SEC Vidicon is a more complex
subject, and measurements have implied that it varies as a function of the
stored charge, being initially small, and increasing to values higher than
can be computed from the image element size and the layer thickness.

Section 3.2.4.3 and 3.2.4k.6 discuss the observed effects further.

2.1.2 Prestorage Gain

The greater the prestorage gain, the better the signal-to-noise
characteristics of the sensor; since noise contributed in later physical

Electronic Tube Divigion
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processes (such as readout, electron multiplication) can be overridden by
a large storsd signal. In the Optechon, the EBIC prestorage gain is .
typically 7, although higher gains of 10 have been achievedﬁ/ ELID gain
is another source of prestorage gain (Section 3.1.2.1 and Appendix D), which
enhances the amount of stored charge due to the input signal without
enhancing the target disturbance, or other noise, appreciably. ELID gains
of 10 have been easily achieved. A minimum prestorage gain of 70 is therefore
available with some loss in dynamic range.

The SEC Vidicon, due to its target gain mechanism 3223537/ 14
capable of gains of the order of 200 at high target voltages and therefore
has exhibited good signal-to-noise characteristics at low light levels.

2.1.3 Detectabllity

For the purposes of photometry or spectrophotometry this property
is relatively unimportant. Detectebility implies that the presence of the
signal 1s detected (usually defined at a signal-to-noise ratio of unity) and
glves the minimm number of photoelectrons necessary to do this. For the
SEC Vidicon this has been reportedé-s-/ as 200 photoelectrons.

In the Optechon; if ELID is used, th photcelectrons minimm can
be detected. This estimate was based upon e measurement of the target
disturbance (Section 3.1.4) performed upon one of the first tubes made.
Subsequent target fabrication processing improvements have shown markedly
better results;, but no comparative messurements exist at present. It is
thought that the improvement of the new targets over the o0ld is of the
order of one to two orders of magnitude.

While detectability is not of primary importance in this study,
this figure gives a feeling for the photometric accuracy possible with low
level signals, since it establishes the unity signsl-to-noise value at a
certain minimm number of photoelectrons incident on the storage target.

2.1.4 Spatial Resolution

The implications of this property are often neglected.
Although 1t is felt intuitively that high resolution is important, compromises
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are often made that not only degrade the ability of the sensor to
distinguish between neighboring sources, which may be of secondary
importance, but also impair the signal-to-noise ratio. To illustrate, it
is necessary to argue on a per - reading element basis, where the "element"
in this case is an area defined on the target by the dimensions of the
reading beam. The image element, or the extent in area of the charge stored
on the target, must be larger than the reading element so that the aperture
response is reasonebly large, but not so large that the area defined by the
reading element contains too few stored charges to insure a good signal-
to-noise ratio. This is as true for the SEC Vidicon as it is for the
Optechon; although different modes of reading are used.

Where photoelectrons are at a premium, particularly when faint-
star spectra photometry is performed, it is imperative that they be
concentrated at one location on the target as much as possible so that their
greatest effect on the reading beam can be realized no matter what the
reading process is. The penalty for low resolution 1s therefore a lowered
signael-to-noise ratio: in the SEC Vidicon destructive reading mode, as the
result of fewer readout electrons per reading beam element; in the Optechon
nondestructive reading mode, through a lowering of the potential difference

' between adjacent elements.

The resolution of the Optechon is high: 50 line pairs per
millimeter limiting resolution has been achieved consistently, so that 20
line pairs per millimeter at 50% response has been measured. The SEC
Vidicon resolution for small signals is 20 line pairs per millimeter
limiting, so that the 50% response is only 1/3 as high as a specially-made
image orthicon, or is approximately the same as a T198.

The SEC Vidicon resolution is limited primarily by the target
and is a function of the stored charge (through spot spreading), and the
"contrast” of the object being viewed (through beam bending). Since
stellar spectra are usually of relatively low "contrast" (i.e., the
absorption lines vary only by a factor of two or three in brightness),
the change in resolution may not be a problem for low-intensity star
spectra. For binary star resolution however, where the difference in
brightness is high, spatial resolution can be expected to suffer (Section
3.2.4.5 and also Section 2.1.6). Photometry of extended sources, if of
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slowly-varying intensity, can be expected to e accurately reprcduced
spatially. If bright stars are present within the extended source, scme
inaccuracy will be present, using the SEC Vidicon. The resclution of the
Optechon is constant with varying stored charge over a wide range and is
limited primarily by the reading beam width (Section 3.1.5.2).

In both cases, the resolution will depend upon the focusing
and deflection used, being the highest with magnetic deflection and
focusing. In general, all electrostatically focused tubes are degraded
30% in resolution at the edges.

2.1.5 Mode of Readout

The SEC Vidicon reads out the stored signel on the target by
replacing electrons in the positively-charged written areas with the
electron beam. The reading is therefore destructive, in that the target
is 90% recharged during the readout of the signal, and the gain of the
reading process is less than unity.

The nature of the Optechon target suggests and measurements
verify that the stored signal on the target modulates the reading beam:

a reading gain can therefore be realized for values of reading beam current
greater than 0.01 microamp (Section 3.1.5.3). Since the readirg beam does
not strike the dielectric surface » but samples the potential fields above
it, the reading is nondestructive.

In this application, the nondestructive mode is not of prime
importance, except in the preliminary setup operation. However, detection
of very faint sources could be aided by a combination of multicopy readout
and statistical decision methods.

One point of importance is that the scanning speed does not
affect the amplitude of the output signal in the Optechon: the amplitude
is determined solely by the triode-like reading transfer curves operating
on the reading beam current. In the SEC Vidicon, since the number of
electrons in the reading beam striking a resolution element, must be
greater than the number of vacancies representing a stored positive charge,
faster or slower scanning speed would respectively give a false (smaller)
indication, or give rise to noise, respectively.
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2.1.6 Beam Pulling - Spot Spreading

This has been partially covered in 2.l.h as relating to the
spatial resolution. Of course, these phenomena also affect the positional
accuracy of the readout signal, and the actusl size of bright point images
in addition to the signal-to-noise. Both tubes are superior to the image
orthicon,-a/ since in both tubes the secondary electron redistribution effect
is suppressed by the particular nature of each target. The Optechon due to
the limited extent of the electrostatic fields above its surface » has
negligible effects due to beam bending and spot spreading (Section 3.1.5.4).
The SEC Vidicon effects are approximately an order of magnitude greater than
the Optechon, but still better than the image orthicon by a factor of two
(Section 3.2.4.2). The Optechon has a total effect of 3 microns, while the
SEC Vidicon effect is a 100 micron motion of the centroid and 200 micron
movement of the edge with increasing exposure.

2.1.7 Target Configuration

The target in the Optechon must be rotated between the writing
and reading operation, since it is a light-and electron-opaque structure.
Whereas this has the disadvantage that special care must be taken in the
mechanical design and ruggedization of & rotatable target, two advantages
are gained: first, the photocathode is shielded from the light emitted by
the thermionic cathode; and second, the target can be made concave and
permit electrostatic focusing and deflection with comparatively less
resolution loss.

The SEC Vidicon target accepts photoelectrons from one side,
and establishes a potential distribution representing the stored charge

to be read out on the other side. The target is somewhat translucent
to light, so that it is necessary to decrease the thermionic cathode
voltage during integration. The small mass of the target and its fixed
rosition within the tube make ruggedization much simpler.

2.1.8 Signal-to-Noise Ratio

The theoretical signal-to-noise properties of the SEC Vidicon
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are discussed fully in Section 3.2.3, resulting in Table 3.2.1 and Figure
3.2.7. It is seen that the best signal-to-noise ratics are obtained at
high values of aperture response, gain and equalization ratio , and the
maximm signal-to-noise ratio that can be obtained at the maximum gain
and a resolution corresponding to 0.9 aperture response is 100 for a 50
micron diameter element. For i equal to 104 photoelectrons per image
element the signal-to-noise ratio for the best conditions is 90, or an
error slightly over 1%. If the aperture response is decreased to 0.5,
the error degrades to 2% at 10% photoelectrons.

The theoretical signal-tc-noise properties of the Optechon are
discussed in detail in Section 3.1.3, tabulated in Table 3.1.1 and plotted
in Figures 3.1.9 through 3.1.12. It is found that the vidicon mode of
readout gives & slight sdvantage over the return-beam orthicon mode , that a
large beam current is desirable, as is a large value of aperture response,
and that ELID prestorage gain will accomplish at low numbers of photo~
electrons per image element, what increasing the equalization ratios does
for the SEC Vidicon. For i equal to 101* photoelectrons per 50 micron
image element the signal-to-noise ratio is 85 with ELID and T4 without,
so that the accuracy is better than 1.5% for both cases. Changes produced
by changes in beam current are insignificant at this level of input. At
low numbers of photoelectrons, the ELID gain may make the difference between
90% error or 15% error, where the lowest error is 10%. Also, at these low
numbers an crder of maegnitude increase in reading beam current can make
the difference between 90% error and 25% error where the lowest error is
16%. The maximum signal-to-noise ratio that can be attained is 600
(without ELID).

It should be emphasized that the above figures for signal-to-
noise are the result of a theoretical anslysis which makes certain
assumptions with regard to noise sources in each tube, but does not include
all possible sources. One such source is the fixed pattern, or target
disturbance noise. The effect of such a source of noise is to move the
horizontal line representing signal-to-noise equel to unity up to a higher
level, thereby limiting the minimm signal capable of being detected to
that equivalent to the fixed pattern noise. Also, the additional noise
produced when it is necessary to integrate over several scans for the SEC
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Vidicon, is not included.
2.1.9 Target Disturbance Noise

The Optechon target disturbance noise, measured on an early-
model tube was 107 photoelectrons per 25 micron square image element, and
it is believed that current targets being made are one or two orders of
magnitude below this value as the result of better processing. The
character of this noise is such that it remains approximately constant in
amplitude with changes in stored signal (see Figure 3.1.16). Whatever
decrease in amplitude that exists is due to changes in the reading point
on the transfer curves. Also, the process of ELID does not increase the
apparent target disturbance noise, so that this me‘i:hod of prestorage gain
is useful in bringing up below-threshold signals out of the target distur-
bance noise (Figure 3.1.18).

Target disturbance noise in the SEC Vidicon (Section 3.2.k.7)
is present, but at this time it is not completely understood. It appears
to be affected by the processing, history of the tube, and the target

vyaoltaca -
YOLUOE

higher numbers of incident photoelectrons (Figures 3.2.23, 3.2.25), a
situation unlike that found in the Optechon. This suggests that it may be
caused by statistical variations in the gain of the target structure.
Since target disturbance noise places a restriction on the
detectability of these tubes, it is important that it be minimized.

2.1.10 Charge Readout Reproducibility

The error in reading out the accumulated charge in the SEC
Vidicon has been measured as better than 2 percent by R. J. Davis of the
Smithsonian Observatory* and checked against data obtained with Uvicons in
Westinghouse Research Laboratories by R. R. Beyer (Section 3.2.4.1).

*
Private communication to E. J. Sternglass
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Assuming that the reading beam current is adequate, the written portion can
be almost completely discharged in one scan, and small changes in focus of
the reading beam do not affect the reproducibility, if the proper provisions
are made in the circuitry.

No such documented history exists for the Optechon, but there is
no reason to believe that like accuracies cannot be achieved for this tube
if proper care is taken in the design of stable circuitry. An experiment
conducted during this program showed fair reproducibility for extended
sources (Figure 3.1.19) and erratic reproducibility for point sources
(Figure 3.1.20). It is conceivable that the target disturbance played a
significant role in the erratic readings of the latter experiment.

2.1.11 Focusing

For both tubes, the best ultimate resolution is provided by
all-magnetic focusing and deflection fields. Since the SEC target is not
rotatable, the proper electron-optic configuration cannot be presented to
both image section and reading section. The Optechon, with a rotatable
target, could possibly be made in an all-electrostatic electron optic

configuration but several problems would need to be resolved before this
could be implemented.

2.1.12 Integration Time

This property depends upon the dark current characteristics of
the photosurface and the tube comstruction. Tests performed on the SEC
Vidicon (Section 3.2.%4 .4) during this study have permitted integration for
fifteen minutes, this being limited by the poor vacuum in the particular
tube used. Tests with the Optechon (Section 3.1.4t) showed that fifty minute
integration was possible. It is believed that with proper processing both
tubes would be capable of integration times well in excess of an hour.

2.1.13 Production Status

The number of tubes made is a reasonable indication of the
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. experience that has gone into the fabrication and testing of a given tube
type, as well as the amount of effort that must be applied to bring the
various processes of tube manufacture under control. The image orthicon

. has had a long history of successful production, while the SEC Vidicon
and Optechon are in their adolescence and infancy respectively. As the

. result of in-house contracts, both tubes can be expected to advance in their
respective states of technology, and improve in performance considerably.

l In particular, future Optechon development must solve several problems,

including mechanical stability, target processing, and optimm operational

. doctrine.

. 2.1.14 Ruggedness

The ruggedness of the SEC target structure has been tested

|

i

during the course of the UWicon program for the Smithsonian Observatory,
and the UVicon has passed its space qualification tests.

The Optechon has not been considered for space use and hence
has had no need to prepare for it. The main problem would involve the

a reliable target rotating mechanism. The WL-7198 ruggedized image orthicon
gun structure would be employed.

2.1.15 Estimate of Performance

i
i
The conclusion of this study is that both the SEC Vidicon and
. the Optechon represent a palpable advance in the state of the imaging and
storage tube art, and it is felt that they would be most useful as astronom-
f ical sensors. At present, neither of these tubes is considered at the
ultimate as an astronomical sensor, mostly because of their relative youth
and the lack of experience in their use in this particular application.
l Both show excellent potential in the field of astronomy, not only in space
(for which the UVicon has already been considered) but in ground-based
l installations as well.
While the photomultiplier remains the basic photometric
. measuring instrument in astronomy due to its excellent signal-to-noise
i
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characteristics and large dynamic range, there are cases where it may be
more expedient to use an imaging tube. Spectrophotometry and the photometry
of extended sources are better served with imaging tubes. Photographic
emulsions also remain standard in the astronomical field, but suffer from
the inconvenience of chemical development and thermal preprocessing, as well
as problems involved in the energy conversion and storage process itself.
Garden-variety image orthicons and vidicons suffer from limited dynsamic
range, poor sensitivity, and positional inaccuracies.

While not all of these problems are solved by either the SEC
Vidicon or Optechon, several are considerably eased. For example, in
stellar spectrophotometry either the SEC Vidicon or Optechon could be used
gainfully. The Optechon could be used to determine the position and relative
intensities of the spectral absorption lines by virtue of its excellent
positional sccuracy property. In like fashion the SEC Vidicon could perform
the same task if the spectrum was a faint, low-contrast type. In addition,
the SEC could provide an absolute photometric measure of the line intensities.
It is believed that the Optechon could also be calibrated to give absolute
photometric readings with reasonable circuit design. However, not enough

Extended source photometry could be performed satisfactorily
with either tube due to their large dynamic ranges. If bright stars are
imbedded in the extended source however, the preference is for the Optechon
due to the absence of spot spreading in this tube. The same principle
applies to spectra having high contrast, high resolution lines.

Resolution of binaries can be carried out with either tube,
although if one of the members is considerably brighter than the other and
positional accuracy is important, the choice again lies with the Optechon.

Star cataloging in densely-populated sections of the sky could
best be served by the Optechon due to its positional accuracy and freedom
from point-source interaction. Sparsely-populated sections of the sky
could be examined with either tube.

In short, the SEC Vidiciorn would be useful in any application
vhere charge readout reproducibility is important, where the objects are
of relatively low contrast; and themselves of low resolution. The Optechon
is useful in applications where high-contrast images are required, where
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positlonal accuracy and high resolution are important, and where relative
intensity measurements are acceptable.

Of the two tubes, the SEC Vidicon with its rigid target
structure, and production status, is closest as a deliverable space-qualified
tube. The Optechon requires further work in ruggedization, and upon its
target-rotating means. Both tubes can be "hybridized"” with a corresponding
loss in edge resolution. The Optechon can be made all-electrostatic, but
only after a reasonably intensive effort was applied to this design problem.

Both tubes require further information regarding the compatibility
of the 5-20 photosurfaces with lithium fluoride, and possible extension of
the response to shorter wavelengths.

2.2 Recaommendations

In the following study, Westinghouse has endeavored to gather
enough data from prior and contemporary programs and perform enough experi-
ments on this program to be able to answer with authority the majority of
the questions put before us, with respect to the applicability of the SEC

While all the questions have not been resolved, and indeed additional
questions have been raised as the result of this study, it is clear to us
that both tubes are applicable to the present problems of astronaomical
research, and have a considerable potential for the resolution of future
problems as experience with the tubes increases.

It is difficult to plece together data, and design experiments
to establish definitely the advantages and shortcomings of a device in a
certain application. This is best done by applying the tube if possible,
and comparing the results obtained with supplemental data such as has
been provided herein, or obtained concurrently with the application.

We therefore recommend that a camera, capable of accepting
either the SEC Vidicon or Optechon, be built and applied to a program of
ground-based astronomical measurements. At the same time it is recommended
that effort be directed toward the gathering of supplemental data on target
disturbance, feasibility of an all-electrostatic Optechon, improvement of
resolution and positional accuracy in the SEC Vidicon, photometric

Electronic Tube Division
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reproducibility of the Optechon, investigation of the compatibility of
S-20 photosurfaces with lithium fluoride; in short, effort on unresolved
problems outlined in this report and preparstory work leading to a space-
qualified sensor.

Application of these tubes to astronamical problems can be
expected to ferret out unsuspected shortcomings qulckly, permitting
remedial measures to be applied to tube design quickly to prevent holdups
in future production scheduling. The preparatory tube design and development
work is important to insure that all processes are well under control when
the first tubes for space use are delivered.

Electronic Tube Division
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3.0 DETAILS OF STUDY

The supporting information for Section 2.0 is presented herein,
and includes not only & description of the two tubes considered in this
study, but a discussion of their applicability to astronomical measurements.

3.1 Optechon
The first tube to be considered is the Optechon, a storage tube
utilizing & unique type of storage target in place of the conventional

mesh, or thin-metal-oxide-film targets.

3.1.1 History of Accomplishments Prior to Start of Program

Since 1959, under contracts AF33(616)6666 and AF33(657)8715 with
the Air Force, RID Reconnaissance Laboratory, Electro-Optical Section,

R
LADOTaToTY

3 ll

has conducted an applied research program that has demonstrated the feasi-
bility of a storage camera tube suitable for reconnaissance under adverse
1llumination conditions and having both high resolution and large total
information storage capecity. It has a photoemlssive retina with an image
section that provides high sensitivity through high quantum efficiency and
prestorage gain. The information can be stored on a unique grating electro-
static storage tape of metal and refractory dielectric reeled within the
vacuum envelope, or upon & movable rigid grating storage target. Reading
is accomplished electronically and nondestructively with a relatively high
modulation ratio independent of reading data rate.

During the course of the Air Force contracts, the work was aimed
toward demonstration of the grating storage tape concept, and the techniques
and methods required by it, rather than the implementation of a particular
device. The camera storage tubes (WX-50T7h4 and WX-5023) made with rigid
grating storage targets, pivoted to face sequentially either the photo-
cathode for writing or the electron gun for reading, erasing, and priming,

Electronic Tube Division
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were considered only to be simple test vehicles for the tape concept.
However, it was realized after they performed so well, that they have useful
applications in their own right. Hence, for simplicity of nomenclature,

it has recently been decided to call such a grating storage camera tube by
the name OPTECHON.

The Optechons made on the Air Force contract were operated at
both 30 frames per second and one frame per five seconds reading rate, and
demonstrated the following: limiting resolution of 75 line pairs per
millimeter, 50 percent response resolution of 25 line pairs per millimeter,
no reduction of resolution after 4l hours storage; signal current to noise
ratio greater than 100 at Mc/ second reading data rates; and with a poor
nine-microampere per lumen S-20 photocathode, a sensitivity corresponding
to a photographic speed index of ASA 12. This was done both with bar

patterns and A-scope output and with full-frame photographs with photo-
graphed kinescope output.

3.1.2 Theory of Operation

3.1.2.1 Summary

The WX-50T4 Optechon, a grating storage camera tube consists
of an image section for photoelectron writing, a rigid storage target, and
a reading electron gun. The storage target is in the form of a disc,
pivoted on a transverse axis so that it may be rotated to face the image
section for writing during the optical exposure, or to face the electron
gun for the reading, and erase/prime action. Figure 3.1.1 is a schematic
representation of the WX-50T4 and Figure 3.1.2 is a photograph of the tube.

The tube is operated in the following way:

1) The grating surface is turned toward the reading gun
and it is bombarded with electrons having energies well in excess of the
first crossover of the dielectric secondary emission curve. This process
is called erasing and effectively discharges the dielectric surface until
it is at the target potential.

2) The dielectric is then bombarded by electrons and
charged to the potential of the cathode, which has now been set several
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volts negative with respect to the metallic target surface. This process
is called priming, and causes to be deposited upon the dielectric, a
negative electronic charge.

3) The grating surface is then turnmed toward the image
section and exposed to the action of released photoelectrons from the
illuminated portions of the photoemissive surface. The photoelectrons
are accelerated to energies of the order of 10 keV so that writing occurs
as the result of Electron Bombardment Induced Conductivity (EBIC); i.e.
the impinging high-energy electrons cause localized conduction in the dielectric
target, thereby causing some of the charge on the surface of the dielectric,
placed there as the result of the priming process, to leak off.

The dielectric potential therefore varies over the target
surface: the written portions are more positive than the unwritten portions
in proportion to the number of photoelectrons incident upon the target.

L) The target is then turned to face the reading gun and
the potential variation of the target is read out.

3.1.2.2 Details of Operation

---'--d--'---

The heart of the Optechon is the grating storage target, a
unique method of achieving & coplanar target structure. The target consists
of a relatively coarse (from the optical standpoint) diffraction grating
having approximately 6000 lines per inch. The cross-section of the target
surface is shown in Figure 3.1.3. It may be seen that the dielectric is
deposited by vacuum shadow evaporation within the grooves so that it
covers the long dimension of the groove to a depth of 1/4 to 1/2 micron.

A field plot of the potential above the target surface is seen in

Figure 3.1.4, and the advantages of this type of structure can be inferred
from observing the extent of the fields above the target surface. The
guarding action of the metallic short dimensions of the groove essentially
confines the field variations to the groove width (4 microns for a 6000
line per inch grating). While not quite that effective in the direction
parallel to the grooves, no difference in resolution has been noticed in
this direction.
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a) Erasing
For the erasing mode of operation, the target is exposed
to electrons having energies well past the first crossover. The secondaries
thus generated will discharge the target dielectric surface until it is at
an equilibrium with the target metallic surface. In normal operation, the
cathode is set at ground potential and the target is raised past +175 volts.
The electron beam is defocused slightly so that succeeding erasing scans
will overlap and leave no structure in the target charge distribution.
Figure 3.1.5 shows the plot of the dielectric equilibrium potentisl with
respect to the metallic target as a function of the metallic target voltage
with respect to the cathode.
It is seen from Figure 3.1.5 that the dielectric is fully
discharged for voltages greater tha.n’+175 volts.
b) Priming
Here, the cathode is set at ground potential and the target
is set to the positive priming potential, Vp, lower than first crossover.
A sufficiently intense beam of electrons is directed toward the target
and the dielectric surface charged until it is in equilibrium with the
also shown in Figure 3.1.5. Here also,

the electron beam must be defocused slightly to prevent depositing electrons
in any line structure. The surface of the dielectric assumes a negative
potential Vp, whern the target is returned to ground.
¢) Writing
The target is rotated so that it faces the photocathode.

A negative voltage of 10 kV is applied to the photocathode with respect
to the target and the photocathode is exposed to the optical signal for
a given length of time by means of a mechanical shutter. The accelerating

. spiral lens in the image section will increase the velocity of the emitted
photoelectrons to correspond to a kinetic energy of 10 keV. This will be
sufficient to cause Electron Bombardment Induced Conductivity (EBIC) in the
charged dielectric. A portion of the negative charge will leak off the
dielectric surface, the amount in proportion to the number of energetic
photoelectrons striking the dielectric. Since one energetic photoelectron
falling on the magnesium fluoride dielectric can cause six to ten electrons,
stored on the target surface by the priming operation, to be conducted to
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the target, there is a gain associated with the writing process, called
the EBIC gain. A conservative value for this gain is seven.

It was shown¥* that this tube also could be outfitted with
an electronic shutter, consisting of an out-of-focus mesh in the image

section. Shutter exposures of 100 microseconds were attained with a
total voltage swing of 1 kV of the shutter mesh. No evidence of the
presence of the shutter could be seen in a stored pattern of 500 lines
per inch (shutter mesh was 250 mesh per inch).

The first tubes made were constructed so that the target
could be rotated by gravity by a combination of rotation around and tilting
of the longitudinal axis of the tube. Work presently being done on another
contractf has shown the feasibility of rotating the target by means of a
pulse of current through a coil of wire whose plane is parallel to the
longitudinal axis of the tube.

d) Reading

The target 1s rotated so that it again faces the reading
gun, and the target is raised to the proper potential for reading. This
potential varies according to the potential to which the target surface
wa d, and the si level stored. Due to the coplanar structure

of the target, the reading process is described by a series of reading
transfer curves. These curves represent the percentage of the reading
beam current that is collected by the exposed metallic strips of the
target (and therefore the percentage not returned to the electron
multiplier) as a function of the potential variation caused by the signal
stored on the target, and the target to cathode voltage difference.

Figure 3.1.6 shows the history of the target voltage and dielectric
potential during the operation of the tube for a three-volt written signal,
and Figure 3.1.7 shows the reading transfer curves (Figure 3.1.8a)
operating on & three-volt written signal at various target reading
potentials. Figure 3.1.8b is the percent modulation of the reading
electron beam per volt of stored signal, called the mutuel transconductance
of the grating storage target. This is plotted for a particular value

*
Ref. 29, pp 3-6, 3-8
NASS5-9020, "Grating Storage Camera Tube Study”
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Photo- Target
Cathode Metal Dielectric Cathode Target Function
Voltage Voltage Potential Voltage Facing
0.0 + 300 V. + 300 V. o Read Erasing
(Equilibrium) Gun
0.0 + b v, 0.0V, 0 Read Printing
(Equilibrium) Gun
=10 KV 0.0 V., |-1& V. unwritten 0] Photo- Writing
=11 Vo written cathode
%, 0 + 39 V, +25 V. unwritten 0] Read ELID
+22 V. written Gun
0 + 11 V., = 3 V., unwritten 0 Read Reading
0 V. written Gun

*¥For Signals Written << 3 Volts.

Figure 3.1.6

Chart Showing Electrode Voltages
for the Various Operating
Conditions of the Optechon

(A Typical Value of 3 Volts Written Signal Shown)
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READING TRANSFER CURVES

20 ¢
« 30
o
o
Y a0
.%_: 2.70
w
[» 4 50 /
=
w
E . /
3 / 2.50
= /
w 70 -
@ AN /) L
5 52 ;
S 80 & 1750
/] fE
(1 -
ltf 90 / r/ Ao _/ N
/ / %: 8= 8V Lo
/ ~ / +7.5V '
100 == <\ 090

-4 -3 -2 -1 0
OUTPUT WAVE SHAPE
CATHODE-TO-DIELECTRIC VOLTAGE, eyq

INPUT WAVE SHAPE
(50% WIDTH, 2.350)

Figure 3.1.7. Effect of Varying Target Voltage Upon the Readout Signal
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of target base to cathode voltage, in this case +11 volts, and gives the
small-signel modulating characteristics of the target. The reading
transfer curves shown in Figure 3.1.7 give the large-signal modulating
characteristics.,

Using the figures given in Figures 3.1.6 and relating them
to Figures 3.1.7 and 3.1.8:

Asgsuming that the target has been erased and primed
to -12 volts dielectric surface to target voltege, and
then written upon, so that a three-volt potential
difference between written and unwritten portions will
result: the written portion is positive with respect
to the dielectric surface due to the EBIC writing process
so that the peak of the written portion will be at -9
volts with respect to the target base.

If during the reading process the target is raised
to +9 volts, the peak of the written signal will be at
cathode potential, and the unwritten portion of the
target will be at -3 volts relative to the cathode.

(Figure 3.1.7) any small signals will be suppressed,
and the 50% width of the readout pulse will be 25% smaller.
If signals smaller than 3 volts are to be read for

this priming condition, the target must be raised to

+11 volts during reading. This will place the unwritten
surface of the dielectric at -1 volt relative to the
reading cathode, and therefore at the peak of the trans-
conductance curve in Figure 3.1.8. While this will
provide maximum reading beam modulation for weakly-
written signels, any signal greater than 1 volt on

the grating storage surface will be erased during the
reading process.

Two modes of reading can be used: The output signal can be
taken from the electron beam multiplier as the result of the reading beam
electrons reflected from the surface of the target (orthicon mode); or

Electronic Tube Division
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the output signal can be teken from the target directly as the result of
the reading beam electrons collected by the target (vidicon mode). While
the gain afforded by the five-stage electron multiplier may not be needed,
it provides a low-capacitance output signal electrode (8 picofarads). The
target, being a larger physical structure in the WX-50T4, measures 50
picofarads in situ.

If the orthicon mode of reading is used, at least one stage
of electron multiplication is recommended, so that the low gain of the first
dynode ( < 1) is overcome. The first dynode gain is purposely made low to
prevent shading as the result of secondary emission variations as the
return beam scans across it. Also, in the present structure, the first
dynode is also G2 which has a sizeable direct current flowing through it
and therefore is unusable as a signal electrode.

e) Electrostatic Latent Imege Development (ELID)

This process may be applied before or between readings as
a means of bringing up the contrast of the below-threshold signals stored
on the target, since it does not operate upon the target disturbance noise.
It is described further in Appendix D.

The voltsge to which a particular target must be raised

B O N NN BNgim M M MR M NI EmEN

should be determined experimentally by priming the target, and then reading
it to determine what percentage of the beam is returned for a given target
to cathode potential. This can also be obtained from the reading transfer
curves (Figure 3.1.6): for example; if the target is primed to -12 volts
and read out at +11 volts, 63 percent of the beam should be returned. If
the proper target potential is used during the ELID process (with no signal
stored on the target) this percentage should remsin constant for a wide
range of development times.

After exposure, the target is raised to the proper potential
for ELID and exposed to the reading beam of known beam current for a fixed
amount of time. It can then be read out in the normal fashion. The gain of
this process must be determined experimentally, since it will depend upon
the secondary emission curve in the vicinity of the first crossover point,

the time of development and the beam current. In practice, gains exceeding
10 have been achieved readily.

Electronic Tube Division
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3.1.3 Signal-to-Noise Ratio Analysis

The Optechon, in comparison with the SEC Vidicon and Image
Orthicon tubes, is somewhat difficult to analyze, since it has & gain
associated with its nondestructive reading process and an additional
prestorage gain that can be applied at will. To simplify the analysis,
the method proposed by deHsan25/ was used, and this permitted the
description of the signal-to-noise dependence in terms of the various gain
processes occurring in the tube. The method is described in Appendix C;
and a number of equations, derived in parametric form, are contained therein.

The standard form of the signal-to-noise versus photoelectrons
per image element } , equation is found to be

__ X :
(s/N) = @3 . i (3.1)

where the X and (_’7 terms can be expressed parametrically in terms of tube or
amplifier properties. The o( term usually depends upon the gain terms
attributable to the writing and reading processes as well as any loss terms

figure in Appendix C shows that the value of & determines the approach of
the tube signal-to-noise curve to the quantum limit at high values of photo~
electrons per image element 5( o

The O term determines the sensitivity of the tube, and
incorporates such noise contributions as Johnson-Nyquist amplifier noise,
beam shot noise, and electron multiplier noise. It determines the "roll-off"
of the signal-to-noise curve at low values of i .

By setting the equation equal to umity, the noise-equivalent
sensitivity can be defined. At a signal-to-rms noise value of unity, the
noise-equivalent signal % min 1

_ s (P4l 1/2
}mn=o( (A" +40)

(3.2)
2

X min determines the intersection of the signal-to-noise
curve with the S/N = 1 line.

Electronic Tube Division
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The upper limit of the signal-to-noise curve is set by the
storage capacity of the target and the prestorage gain. The storage
capacity depends upon the electrical capacitance of an image element and
the optimm voltage, Vo, to which the image element is charged for best
reading characteristics, as determined by the reading transfer curves.
Therefore

— c,Vv o
Y nex = Z%— (3.3)

ps
where Gps is the prestorage gain which consists of the EBIC gain O
and possibly the ELID gain G Py if it is used.

Figures 3.1.9 and 3.1.10 show the signal-to-noise curves for the
Vidicon and Orthicon modes of reading, each with and without the additional
prestorage ELID gain. Table 3.1.1 is a campilation of the computed equations
and the conditions under which they were calculated.

Figures 3.1.11 and 3.1.12 show the same modes of reading, each
with ELID gain, and at two different reading beam currents. The values for
the tube and amplifier parameters (outlined in Table 3.1.l) were chosen

l’
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partly from experimental data, and partly from experience obtained from a
parametric study of the equations in Appendix C.

The parametric study showed the desirability of maximizing the
aperture response of the tube A4,, of choosing the optimum value of image
elements per cycle of bandwidth £, and of & reasonably high value of
equalization ratio M . The effect of these changes was to improve the
noise-equivalent sensitivity through increase of M , and decrease of k 3
and improve the signal-to-noise value at high Y through an increase in
the aperture response A,.

The resultant curves (3.1.9 through 3.1.12) in turn showed that
for the Optechon, a high reading beam current leads to a better reading
gain G 3 and consequently better signal-to-noise characteristics.

Also, the curves showed (3.1.9 and 3.1.10) the importance of
adding the ELID prestorasge gain. At low values of )_L the addition of ELID
improves the signal-to-noise ratio by a factor of six.

The target capacity to ground being three times greater than
the electron multiplier collector capacity to ground impairs the Vidicon

Electronic Tube Division
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TABLE 3.1.1

SIGRAL-TO-NOISE RATIO

Optechon
Mode of Reading Beam Current
I =104 1, =107 4
Vidicon Mode _X . __X .
(1.4 +5.1x10%) A (15y + 1.4 x10°)%2
Vidicon Mode with ELID X . _X ‘
(14Y +50)" (14Y + 1-4x10%)
Orthicon Mode — X I — X '
(1.4 + tx10%) %A (L6 X + 1x10%) %
Orthicon Mode with ELID _X 7 — -
(14X + LixioY> (147 +1.1 x10%) %
Conditions:
Av = 0.9 Image element: 50 micron diameter
Af = 1.0 Dielectric Constant, Storage Surface 5.3
1
oy = T &y = 02 o1t
op = 10 Gy = 1.84 x 10-13 farad/element
_ 7 elements
a 1.74 x 10 amp-cycles
4 = 1 element/cycle
£, = 62.5 Ke/s
GR = 0061"
(a in)2 = 1.2k x 100& (a.mp)2 for Vidicon mode: Ry =1 Meg, C; = 60 M= 24
= 0.368 x 1021 (amp)2 for Orthicon mode R; = 3 Meg, C; =20 R, = 103
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reading mode operation somewhat, but it still is superior to the Orthicon
mode of reading. A lower target capacity should be strived for in this tube.

The best operating condition for the Optechon at present is
therefore represented by either curve 3.1.11 or 3.1.12. The ELID gain
capability should be employed and the reading beam current should be
maximized, but at a reading beam spot size corresponding to an aperture
response of 0.9.

3.4 Experimental Results

The general program of experimental work on this study was
limited to exploratory experiments designed to show in a quantitative manmer,
certain features of tube performance abcocut which little or no information
existed. Also, demonstrations of the performance of the tube at close to
the OAO bandwidth conditions were sought.

To this end, the slow-scan unit, built to test the resolution
capabilities of the grating storage target during prior investigatory
programs, was employed. The optical conditions were carefully adjusted,
and the target was underscanned so that the bandwidth of the signsal

E S EESyEaEEEEEEgEEEEEN

derived from the storage target would be in the order of the 62.5 kc/s
(OAO bandwidth). A description of the experimental setup is given in
reference 31. Since the original slow-scan unit scanned s larger target
area at high resolution, the amplifier was made capable of accepting up to
10 Mc/S signals. For the purposes of this study, a low-pass filter with a
cutoff frequency of 83 kc/s was inserted after the amplifier. Figure 3.1.13a
and b show the waveshapes of a single slit, and the edges of the mask used
for calibration, as seen on an "A" scan oscilloscope. Figure 3.l.l3c shows
the monitor presentation and the direction and limits of scan. Figure 3.1l.1l3a
and b show the attenuation of the high frequency amplifier noise by the
filter and the preserce of the target disturbance noise. Figure 3.1l.1lh4
shows the "A" scope pattern for the two-stored slit experiment described
in reference 31, and again shows the presence of the target disturbance.

An estimate of the maximum signal-to-noise ratio is given in
Figure 3.1.15. Here a signal was overwritten and brought up to the proper
reading potential in a. The readout signal-to-noise ratio is seen to be

Electronic Tube Division
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a) Without Filter

b) With Filter

ADJUSTABLE SLIT

OPAQUE AREA MASK OPAQUE AREA

re— SCAN WIDTH—*

_f\__J\_._JL

PHYSICAL ARRANGEMENT OF SLIT AND MASK

Figure 3.1.13. Effect of Low Pass Filter on Noise
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b) More Fositive Target Reading Voltage

Figure 3.1.15. Effect of Reading Target Voltage Upon
Target Disturbance KNoise
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about 80. When the target potential is raised so that the surface of the
target is also read out (thereby bringing up the target disturbance noise),
the signal-to-noise ratio drops to approximately 4. In other words, for
small signals the target disturbance noise assumes a greater importance
then for large signals. In the case of large signals, the nonlinear target
transfer curves effectively suppress the amplitude of the noise on the basee
line but the noise is still present on the top of the pulse. Since this is
difficult to see on a small image element, a photographic step wedge was
imaged and read out perpendicular to the direction of changing density
(Figure 3.1.16). The intensity of the incident illumination is greatest
for the lowest trace and least for the next to last top trace. The top
trace represents the amplifier and Johnson-Nyquist noise. HNote that the
noise diminishes with increasing signal even though the reading gain is
adjusted to be the same.*

The question of target disturbance noise requires some indication
of its value. It was decided that the most meaningful description would be
in terms of noise equivalent signal. The tube photocathode sensitivity was
therefore measured, and signals were stored by varying the exposure to a
calibrated light source until the amplitude of the signal approximated

the target disturbance noise. The photoelectrons per 25 micron square
image element were then computed for that exposure. In Figure 3.1.17a the
"A" scope presentation can be observed, and the slit can be seen to be
approximately equivalent to the meximum amplitude of the target disturbance.
This would imply that the target disturbance noise is in the order of 105
photoelectrons per 25 micron square image element. Figure 3.1.1l7a is a
measure of the minimm detectable signal for this particular tube if ELID
is not used.

Figure 3.1.17b shows the same stored signal read out after
Electrostatic Latent Image Develoment for three seconds. It may be seen
that the gain introduced by the ELID process is approximately 5, and the
signal-to-noise ratio has been increased from 1 to 15.

*
For each level of illumination, the target voltage was raised until the same
emplitude of signal was observed on the "A" scope. This, of course, would
imply that the signals corresponding to the greatest illumination would be
erased during the subsequent reading of the weaker signals.

Electronic Tube Division
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Figure 3.1.16. Target Disturbance for an
Extended-Area Signal
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a) 9.6 x 101+ Photoelectrons before ELID

b) 9.6 x 101‘ Fhotoelectrons after ELID

Figure 3.1.17. Estimate of Target Disturbance Noise
and Demonstration of ELID
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Even more striking evidence of the efficacy of the ELID process
is shown in Figure 3.1.18. An estimated 5 x 10H photoelectrons per 25 micron
squere resolution element was deposited upon the target, and read out
giving the "A" scope trace shown in Figure 3.1.18a. After a four-second
development, the trace shown in 3.1.18b resulted. The most important fact
to be gleaned from Figure 3.1.18 is that the signal level can be raised out
of the target disturbance noise without increasing the latter.

Evidently, the target disturbance can also effect the
reproducibility of succeeding sets of data. Figure 3.1.19 shows two sets
of readings taken in different directions along a grey scale, when the
target voltage was varied to give & certain output signal on the "A" scope
for each level. Estimated experimental error was 10 percent and most of the
points agree within 20 percent. Figure 3.1.20, on the other hand, shows
good agreement for all but three of the nine points taken. Figure was done
with a slit source giving a 25 micron width stored bar on the target. The
voltages were set very carefully with a Cubic V-T70 digital voltmeter. The
only uncontrolled variable was the portion of the target read out. Although
probably optimistic, it is interesting to compare the deviation of the
~ gquestionable points with the magnitude of the target disturbance.

Although integration longer than 10 minutes would not normally
be necessary for a storage camera tube operating in the OAO series of
experiments, ground-based equipment might require as much as a half-hour
or more. The Optechon was therefore checked to determine if it could
integrate for extended periods of time.

The conditions of this experiment were as follows: a small
signal (derived from the illuminated slit shown in Figure 3.1.13) was
stored with a short exposure on & target primed to 12 volts. It was read
out immediately after exposure, and an "A" scope presentation is seen in
Figure 3.1.21. The target reading voltage was +9 volts. This figure shows
the amplitude of the signal without extended integration.

The target was then erased, primed and the signal restored at
the same conditions, except with the image section high voltage applied end
the focusing field on. Figure 3.1.22 shows the "A" scope presentation of the

signal after one hour exposure to the image section with the high voltage on.
It was read out at +6.3 target volts.

Electronic Tube Division
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a) 4.8«x 101‘ Photoelectrons Before ELID

b) L4.8x 101‘L Photoelectrons After ELID

Figure 3.1.18. Demonstration of ELID
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Figure 3.1.19. Reproducibility of Readout - Extended Area Source
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LRELATIVE EXPOSURE

5X10* ELECTRONS PER (25(1)2 ELEMENT

Figure 3.1.20. Reproducibility of Readout - Line Source
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Figure 3.1.21. Integration Experiment -
Zero Integration Time Readout

Figure 3.1.22. Integration Experiméent -
1 Hour Exposure to Image Section at 10 KV

Figure 3.1.23. Integration Experiment -
1 Hour Wait Between Storage and Readout

Electronic Tube Division
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In order to separate the effect produced by the image sectionm,
the same experiment was run, except the target was exposed to the image
section with the 10 kV high voltage off. Figure 3.1.23 shows the trace
readout at 8.4 volts, and indicates the amount of discharge of the target
due to secondary causes, i.e., ion bombardment. It should be emphasized
that this tube is nearly three years old, with many hours of use, and has
shown evidence of gassiness.

It is seen therefore, that the target was discharged by 2 volts
by dark current, which would correspond to 1012 electrons/cm®-hr. removed
from the target, or a dark current (taking EBIC gain into account) of

6 /qu,A/ cm®.

Figure 3.1.24 shows a plot of the results of several integration
experiments with different exposure times to dark current. The main effect
observed was a decrease in target reading voltage required for proper
readout¥®, which was found to depend upon the presence or absence of high
voltage during the exposure time.

Figure 3.1.25 shows a 1.0 ft. lambert brightness slit,
integrated for 5 minutes at f/8, corresponding to 2 x 106 photoelectrons
on a 25 micron square target element. A total of 2 x 106 photoelectrons

EEEEgEEEEEE R EEEE®

were incident on a 25 micron square target element.

Two major experiments 30,3/ vere conducted to determine the
interaction between two line images and the amount of image growth as the
result of increasing exposure. It was found that interaction between two
slit images was quite small, and less than the experimental error of three
microns on the target. This corresponds to less than a grating line width
for the 6000 line per inch grating used for the target.

Imeging spreading, what there was of it, was virtually absent.
The small amount measured (1.4 times the input width, measured at 50 percent
amplitude) was explainable by teking into account the reading transfer curve
action during readout of the stored signal. This was found to be so, even
though the storage target was overexposed by a factor of 6 to 1, which
would imply that the written portions had been discharged to target potential.

T‘me reading voltage was determined by displaying the video signal on an "A"

"scope and increasing the target voltage until the target disturbance noise
st;rts to appear on the baseline. Estimated error of this procedure is
+5%.

Electronic Tube Division
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©® EXPOSURE OF INITIAL SIGNAL 1710 Sec @ ¢/8
X EXPOSURE OF INITIAL SIGNAL /25 Sec 0 /8
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Figure 3.1.24. Variation in Reading Voltage with
Exposure Time to Dark Current
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Figure 3.1.25. Integration Experiment 1 ft. Lambert
Brightness at Object, Integrated for
5 Minutes. 2 x 1 Fhotoelectrons
Incident on 25 Micron Square Target
Element.
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3.1.5 Applicable Properties - Optechon
3.1.5.1 Storage Capacity

The range of dielectric thickness S , for the Optechon grating
storasge target can be anywhere from 0.1 to 0.5 micron. For magnesium
fluoride, the dielectric constant is 5.3. Consequently the range of
capacitance per image element having a diameter of D 1s given in Table 3.1.2.

If the image element is discharged to a maximum of 3 volts, this
would imply that } _ (3v.) electrons would be required. For a 15 volt
discharging, )Lmax(lSV.) electrons would be needed. These values are listed
in Teble 3.1.2.

In other terms, if the image element were discharged by 3 volts
the storage capacity would be 1.8 x 1011 to 8.8 x 101 electrons/cm®. For
15 volts, the storage capacity would be 8.8 x 1011 to 4.5 x 1012 electrons/cma.

3.1.5.2 Spatial Resolution

The resolution of the Optechon is mainly determined by the

EEEE RNl E g EEEEEN

reading beam spot size, which can be as small as 10 microns for a 1 micro-
ampere beam current. The reading beam spot size is measured at half-
current amplitudes as the beam is scanned past a slit. This corresponds
to a limiting resolution (5 percent response) of 75 line pairs per
millimeter for the tube. The resolution of the image section alone has
been measured.??/ to be 220 line pairs per millimeter limiting resolution
at the center. The above data is for an all-magnetic (magnetic focus, magnetic
deflection) tube.

It is interesting to note in Figure 3.1.26 that there is no
appreciable change in the aperture response curve after 41 hours of
storage, indicating no leakage of charge across the surface.

3.1.5.3 Readout Mode

In its normal mode of target readout, the Optechon reading beam
probes the potential distribution above the target surface, and the

Electronic Tube Division
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Percentage of beam electrons returned to the electron multiplier as the
result of reflection from the target constitutes the signal from the tube.
This is the orthicon (return beam) mode of reading. The vidicon mode is
essentially the same, insofar as the target-gun-dielectric potentials are
concerned except that the signal is obtained from the target itself. Both
modes can be read out destructively or non-destructively, but the latter
is the usual case. The destructive mode implies that the reading beam
electrons have sufficient energies to land upon the dielectric and charge
the written (positive) portions of the target.

For non-destructive reading, a measure of gain is obtained
through the triode characteristics of the grating target. A relatively
small esmount of charge deposited on the target can control the reflection
of a relatively large beam current, and the gain can be expressed as

o, - e
C,, k £,
For f, = 62.5 ke/s, K = 1 element per cycle of bandwidth, a 25 micron

image element giving C,, = 46 x 10-15 farad, and a target mutual trans-
conductance of &y = 0.2 volt; the galn is

(T3=70x1061b.,

Therefore for reading beam currents higher than 1.4 x 10"8 Amp, the reading

galin exceeds unity.

Destructive reading implies that for each electron removed by
the writing process, the reading beam will replace an electron, and this
replacement process gives rise to the signal current output from the tube.
This destructive mode of reading process therefore has a gain no greater
than wnity.

Another consideration in the readout mode is the electrical
capacitance of the signel electrode to ground, whether it be the electron
multiplier collector or the target. The capacitance of the image orthicon
anode termminal to ground is 12 picofarads, while the target to ground
capacitance of the three-inch Optechon (WX-5074) is 49 picofarads measured

in situ. It can be expected therefore that the vidicon mode of reading,

Electronic Tube Division
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vhere the signal is taken from the target, might be inherently noisier than
normal .

3.1.5.4 Positional and Size Accuracy

In applications where the position at the object must bear a
1:1 relation to its position as read out by the sensor, the Optechon has a
definite advantage. Errors in readout position can result from the optics
and the stability and linearity of the ancillary electronic equipment:
assuming that these effects are minimized, positional accuracy can also be
affected by the sensorw

Electron-optical aberrations in the sensor can cause errors in
position and image size, but in general these are reproducible from measure-
ment to measurement and do not depend upon the input signal amplitude.

The errors introduced by the nature of the storage target are
more difficult to resolve since they often depend upon the amount of stored
charge, mode of reading and writing, sweep speeds, etc. Often, it is
necessary to change the nature of the target at the expense of some other
parameters, for example, resolution.

Position and size accuracy are affected by two major phenomena:
"beam bending" and secondary electron redistribution. Both are present in
the garden-variety image orthicon; both are absent in the Optechon.

The reason for their absence in the Optechon stems from two
causes: EBIC writing is used rather than secondary emission writing; the
Optechon has a unique coplanar structure, limiting the extent of the field
above it. In all fairness to the Optechon, even if secondary emission writing
vere used, the voltage between the target structure and a collector electrode
would minimize the effect of secondary electron redistribution.

Figure 3.1.27 shows the electrostatic field distribution above
the surface of a grating storage target, and the paths of the reading beam
electrons during non-destructive reading. The "guarding" provided by the
bare metallic diffraction grating slopes is readily seen to limit the extent
of the potential distribution due to stored charges not only perpendicular
to the grooves, but also along the grooves and above the target surface.
This "guarding” also provides a readily-accessible path for secondary
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NON-DESTRUCTIVE  CATHODE ON-1.8 VOLTS RTINS CoroneD
WRITING. (STO
READING AREA OF NO RETURN ELECTRONS  INFORMATION) —

Figure 3.1.27. Field Distribution Above Grating Storage Target
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electrons released from the dielectric surface, thereby preventing secondary
electron redistribution. More important, it provides an "escape path" for
energetic electrons that have insufficient energy to land upon the charged
dielectric surface; and thereby effectively increases the reading beam
modulation provided by the target.

The constraint of the fields above the target surface by the
"guarding" feature of the grating storage target not only allows high
resolution imaging (limited not by the target, but by the width of the
reading beam), but also restricts to one groove width the effect of spot
spreading and beam bending, which are found to be much more extensive in
smooth~surface targets.

Spot spreading is the condition observed in some imaging tubes
where an increase in exposure upon an image element will cause an increase
in the size of the readout image. While it can be caused by secondary
electron redistribution, most often it is the result of beam bending; i.e.
the false positicnal indication of a stored image by a scanned reading
beam as the result of the deflection of the beam by the potential field
produced by the stored image.

References 30 and 31 report on measurements made with the
WX-50T4 Optechon on beam pulling and spot spreading. It was found that
the beam pulling with a 6000 line per inch grating storage target was less
than the experimental error, or less than 3 microns. Spot spreading
observed with the WX-50T4 was explainable in terms of the effect of the
reading transfer curves upon the readout signal. Over a 6 to 1 over-
exposure there was no significant spot spreading at all.

3.1.5.5 Target Configuration

Present WX-50T4 and WX-5023 Optechons are being made with plane,
rigid targets rotated with the aid of gravity by a combination of rotation
around the longitudinal tube axis and tilting around a transverse axis
through the target bearing axis. Under another contract* the feasibility of

*
Contract No. NAS 5-9020 with National Aeronautics and Space Administration,
Goddard Space Flight Center, Greenbelt, Maryland, "Grating Storage Camera
Tube Study".

Electronic Tube Divigion
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rotating the target, by passing a pulse of current through a coil attached
to the target; is being studied. Results of this study are encouraging,
and may result in an electrically rotatable Optechon early in 1965.

While this target structure may have some disadvantages with
respect to the ruggedness and mechanical vibration sensitivity of the
tube it is conceivable that these could be overcome by a suitable mechanical re-
design of the tube. One advantage stemming from the opaque target is the
light shielding it provides: +the light from the thermionic cathode is
prevented from falling on the photocathode during the integration time by
the target. This limitation shortens the integration time possible with
the image orthiconé/ s and can be expected to affect the integration time
of any tube combining a photoconductor and insulator in the seme sensitive
surface, unless special means are taken to shield these sensitive surfaces
from the cathode light output.

3.1.5.6 Signal-to-Noise Characteristics

From the analysis of the Optechon given in Section 3.1.3, it is
seen that for this tube it is desirable to maximize the aperture response,
and the filter response (through a suitable choice of 4) , and to increase
the value of equalization ratio M to a practical limit (Appendix A).
Also, the beam current Ib should be increased to the highest value that
does not campromise the aperture respcnse through the increase in beam
diameter.

Finally, an added measure of prestorage gain is highly desirable
(as may be seen in Figures 3.1.9 to 3.1.12) by the use of Electrostatic
Latent Image Development. If this is done, 13 percent accuracy (S/N = 7)
is possible at J.()2 photoelectrons per image element and 1.2 percent
accuracy (S/N = 83) at 10u photoelectrons per image element.

It should be made clear that the signal-to-noise ratio obtained
here is a theoretical value depending only on the gain (and attenuation)
processes in the tube. It does not take into account such sources of
noise as the target disturbance noise which will limit the sensitivity
of the Optechon; even with the use of ELID prestorage gain (see Section
3.1.5.10),

Electronic Tube Division
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3.1.5.7 Production Status

The Optechon is still in a laboratory experimental tube category.
Not over 20 tubes will be made by mid-1965, and all will be, or have been,
used in improving its performance, and measuring characteristics of the
grating storage target heretofore unmeasured. Tubes made prior to this
contract were used as a test vehicle for first resolution measurements
made on the grating storage target, and have served to verify the absence
of beam pulling, image spreading, influence of ELID, and other measurements
made on this program. Further work and additional experimental evidence
is required on such problems as the influence of beam current on signal
to noise reduction of grating disturbance, ELID conditions, effect of
grating parameters upon the mutual transconductance factor, to name a few.
These will enable a specification to be drawn up for this tube, this
specification having sufficient information to guide the systems designer -
in its use.

3.1.5.8 Ruggedization

This specification sheet would also indicate that the tube was
capable of withstanding certain mechanical and other environmental conditions.
For the present state-of-the-art Optechon no substantiating data has been
taken that could be applied to evaluating the ruggedness of this tube or to
suggesting means by which the tube could be made more rugged.

Ruggedization is generally the last step in a tube develomment
program, since it depends greatly upon the configuration of the tube to
that point, which in turn would depend upon the electrical characteristics
desired. Often, wise choices can be made during a tube development program
that can simplify the task of ruggedization. In most cases » environmental
tests are run after the electrical design of a tube is complete, and this
usually implies that the use of the tube has already been determined. Since
the Optechon is a relatively "young" tube in temms of development time, it
hes not been seriously considered for many applications ; consequently there

has been no need to ready it for any specific envirommental condition as
against another.
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3.1.5.9 Reproducibility of Charge Readout

The Optechon does not normally read information out by replacing
the positive charge stored upon it, electron by electron, as do the vidicon,
orthicon, or SEC Vidicion. Instead, it samples the potential distribution
above the target surface in a non-destructive manner, and the signal derived
from this sampling is a function of the stored charge resident upon the
target. This mode of non-destructive reading has the important advantage
of providing a gain mechanism, but the disadvantage of introducing several
parameters having an influence on the relation between the input stored
charge and the output signal.

The expression for the reading gain is

T et

e . . e — -

The mutual transconductance of the target &, » is a slow function of the
target potential and the priming voltage. Also, with careful processing,
the elemental target capacitance, Cay > can be held to one percent or
better over the target surface. The remaining factor, reading beam current,
I, , must also be kept quite stable.

Not included in the assessment of the parameters capable of
introducing errors in the reeding gain, are the parameters associated with
the spatial frequency or aperture response of the tube Ay » the filter
response of the amplifier Af 5 and the hidden electron-optical aberrations
such as "shading" due to first dynode secondary emission variations, or
"shading” due to non-orthogonal landing.

This is not to imply that a functiocnal relationship between the
output and input cannot be established, but that care will be necessary to
insure that circuit stability and tube design is adequate, and predictable
enough tc maintain calibration.

As yet there has not been enough experimental information on the
reproducibility of readout for the Optechon to enable a firm estimate based
upon actual experience to be given. It is believed to be better than 5%
but requires further study for verification.

Electronic Tube Division

63



Westinghouse @—

3.1.5.10 Target Disturbance Noise

It has been established that the present limit to the resolution
of the grating storage target is the half-amplitude width of the reading
electron beam. The grating itself is not resolved unless periodiec errors
in ruling change the mutual transconductance of the target locally.
However, target disturbance does exist and is believed to be caused by work
function variations, artifacts, dust, pinholes, all classified under the
appellation of "blemishes". Sometimes the blemishes can be seen with the
unaided eye, while at other times only the electron beam can sense them.

Work performed on Westinghouse funding disclosed that a special
processing would improve the appearance of the target, suppressing the
majority of the blemishes normally seen with a virgin target. This work
has been relatively recent and no quantitative comparison has been made
between the old and new processing methods. The target disturbance of the
new targets is believed to be at least an order of magnitude smaller than
that measured¥* on an old tube as the result of the present study.

It has been found that signals buried in target disturbance
noise can be enhanced by ELID while the target disturbance noise is not
increased significantly.

It is believed that further work can effect greater improvement
of the target disturbance noise. At present it is the greatest limitation
upon the sensitivity of the Optechon at reasonable signal to noise ratios.

3.1.5.11 Focusing

The present design for the WX-5074 and WX-5023 is for magnetic
deflection and magnetic focusing in order to realize the full resolution
capablilities of the grating storage target. While no immediate plans are
being made to "hybridize" this tube; i.e., to have magnetic deflection and
electrostatic focusing, some thought has been given the consequences of
such design changes. Reference 32 considers the possibility of having

*105 electrons rer 25 micron square imsge element, measured on an early
model tube.

‘Electronic Tube Division
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electrostatic focusing in an imaging tube which would be the equivalent of
the Optechon image section and concludes that unless a spherical geometry
target were used the resolution degradation is excessive at the edges, and
suggests a spherical geometry for the target.

Since the Optechon has a rigid rotatable target it is conceivable
that it could be made in a spherical form: from the electron-optical
standpoint this would be most convenient, since it would present the
appropriate concavity to both an electrostagic image section and an electro-
static reading section. It is therefore believed that a high resolution,
campletely electrostatic Optechorn with a rotatable grating target might be
possible. OSome additional target disturbance may have to be tolerated,

however, so that a decelerator or field mesh can be used during reading
to maintain a small reading beam spot for low energy reading.

3.2 The SEC Vidicon
3.2.1 Historical Background

The SEC Vidicon represents a new type of television camers tube
that combines the ability to store large amounts of charge with a pre-
storage electron multiplication in the storage surface itself. The tube was
developed at the Westinghouse Research Laboratories by G. W. Goetze and
A. H, Boerioi-s-/ in the course of studies on high gain transmission
secondary electron emission layers consisting of low density, smoke-type
insulator targets ,-3—§1-3—7-/ This work in turn grew out of the studies of
transmission secondary emission from vacuum evaporated, solid KCl fi
used in the Astracon type of image-intensiﬁer.ig/

The first application of this new type of storage-target was
made as a replacement of the electron-bombardment-induced conductivity
(EBIC) target in the uv sensitive camera tube (UVICON) developed for the
Smithsonian Astrophysical Observatory as the sensor for the Smithsonian
experimental package of the first Orbiting Astronomical Observatory (OAO).-JAQ/
Tubes with similar targets, but with photo-cathodes sensitive in the visible, -
vere developed for the U.S. Air Force Aeronautical Sysfems Division, and are

commonly referred to as SEC-Vidicons, where SEC stands for "secondary

40,41
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electron conduction” in the open spaces of the porous targets, as will be
described briefly below.

3.2.2 Theory of Operation

The SEC-Vidicon or Uvicon operation can be briefly summarized
with the aid of Figures 3.2.1 and 3.2.2, showing a schematic diagram of the
Uvicon tube and the storage target.

Photo-electrons released from the photo-cathode on the inside
surface of the window are accelerated by a potential of the order of
8 - 10 kilovolts and strike the target. The incident primary electrons IP
penetrate the thin supporting foil consisting typically of an aluminum oxide
£ilm about 1000 X thick, followed by a conducting layer of aluminum
300 - 500 X thick. The electrons then enter a porous layer consisting of
KCl "smoke" approximately 25 = thick, formed by evaporating KCl in an
inert gas a‘hnosphere,gélj—'r/ where they dissipate most of their energy in the
formation of secondary electrons. These secondary electrons escape from the
fibers of the smoke particles and are collected in part by the wall-screen
and in part by the aluminum conducting layer. This is achieved by
meintaining the back-plate positive relative to the surface of the target,
the potential of which was previously fixed at ground potential by scanning
with a low velocity electron beam produced by an ordinary Vidicon-type of
gun.

As a result, a positive, or rather reduced negative, charge
remains behind in the insulating layer wherever primary electrons have
ejJected secondaries. The scanning beam Ib is used to neutralize this
charge, leading to a pulse of electrons flowing away from the target
through the load resistor whenever the scanning beam passes across a
charged picture element. Since, in effect, the scanning beam acts Jjust
like a switch discharging a condenser on which a charge has accumilated
during integration, the total charge O Q passing through the load
resistor in the scanning time per element AT is a direct measure of the
number of photoelectrons integrated between scans, multiplied by the
secondary electron gain G.

Thls secondary electron gain consists in general of two parts,
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Figure 3.2.1. SEC Vidicion Schematic
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Figure 3.2.2. Schematic Diagram of Currents Involved
in SEC Target Operation
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a portion due to secondaries collected by the target back-plate by

conduction through the open pores of the smoke film, GC’ and a portion

due to the secondaries that escape from the surface as ordinery, externmal
secondaries, GSE » In the usual mode of operation, the internal field

acting to pull the secondaries liberated in the smoke layer to the metallic
target backing is very strong, and nearly all the gain is due to "conduction"
within the target. Only vhen the surface has charged up significantly towards
the back-plate potential, thereby reducing the internal field, does the
escape of secondaries from the surface become the more significant contri-
bution.

The relation between the two types of processes controlling the
gain is shown in Figure 3.2.3, plotted for a constant field between target
surface and field mesh. As the potentisl difference across the target is
decreased in the course of charging, the corduction gain, GC s decreases
relative to the transmission secondary emission gain, GSE » and the combined
gain decreases towards GSE alone. Note that the typical gains have the
large values of 60 to 200 in the range from target surface to back-plate
potentials VT between O and 200 volts. Such large gains are realized
because nearly all the secondaries formed are collected, in contrast with
secondary emission from solid layers, where only a small fraction of all
secondaries can escape. Since it is known that approximately 30 ev are
required to form a secondary,-w if the primaries dissipate some
6-9 kev in the smoke-layer, maximm yields of 200 to 300 are to be expected.
Such high escape probabilities follow from the fact that the smoke consists
of smell fibers less than a few hundred angstroms thick, a distance small
compared with the measured mean free path of secondary electrons in KClﬁé/

Figure 3.2.3 shows gain as a function of surface potential VS
for a given fixed backplate potential VT and for a field mesh potential
that rises with VS to meintain a constant external field. Actually, the
external TSE gain does not vary appreciably with change of this extermal
field so long as the field mesh potential is always more positive. From
this standpoint, the field mesk may be set at some conveniently high
positive potential. From enother standpoint, however, the field mesh
potential must be kept low emough to prevent the target from charging
more positive relative to the cathode than the first-crossover potential
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of the secondary emission curve. If the target surface potential rises
higher, the reading beam will charge the surface more and more positively,
instead of discharging it, and destructive breakdown of the target can
occur. Since resolution is improved by having the field mesh at higher
potential during readout, it can be advantageous to switch this potential
from a typical value of +15 volts during storage to as high as +400 volts
during readout. There has also been success with introducing an intervening
suppressor grid at about +15 volts, with the field mesh potential then left
high.

Figure 3.2.4 shows gain as a function of varying target backplate
potential VT s where the target surface potential VS is held nearly
constant near zero by the readout of the beam. The internal conduction
secondary emission gain rises with increase of VT as the electric field
within the SEC layer becomes proportionally higher. Meanwhile, the external
TSE gain decreases because the secondaries are drawn instead to the backplate.

The total gain of the target will vary from its initially high
value towards increasingly lower values as the surface charges up towards
both the back-plate and the field-mesh, in a manner indicated schematically
in Figure 3.2.5. This variation of gain will accordingly determine the
shape of the transfer characteristic, defined as the dependence of charge
stored and read-out on the the charge of primary electrons (photoelectrons)
accunulated.

The shape of such transfer characteristics is indicated
schematically in Figure 3.2.6 as obtained from typical Uvicons. The slopes
of these curves are analogous to the gamma of photographic plates, so that
it is clear that the choice of initial target potential, mesh potential,
and primary energy permit some control over the gamma of the tube. When
the highest sensitivity to small signals is desired, the initial gain
should be high, resulting in a large initial gamma. When it is desired to
accumulate a large signal with high accuracy, the initial gain can be
reduced to get a more constant slope of the transfer curve.

The ultimate limit to the amount of charge that can be stored
is dictated by the total voltage drop across the target that can be
tolerated and the effective capacity of the surface per unit area. The
voltage across the target for astronomical spectroscopy will probably be
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limited to values of the order of 15 to 20 volts by the onset of target
graininess with high total light exposure and a slow mode of discharge
similar to that encountered in EBIC or Vidicon type of surfaces. At

low voltages, the discharge process is extremely fa.st,El/ since it is
primarily due to free secondary electrons in the vacuum between the smoke
fibers. The action stops completely when exposure stops, and the image
is completely removed in & single readout. At high voltage, ordinary solid-
state conduction begins to play a significant part, and this process leads
to internal polarization which relaxes only slowly. Although lag of
response might seem unimportant for long astronomical exposures, residual
image building up after readout can appear in a later picture and is
therefore unacceptable.

The target capacity is determined by the exact distribution of
the charge within the storage layer, and can therefore not be calculated
from the known thickness. The actual capacity turns out to be many times
larger than the value of 35 £/cm® calculated if the charge is assumed to
reside on the surface only. In fact, since typical layers have been about
two percent of the bulk density of KCl, and the individual particles are
less than 1 g in size, fiber thickness must be still less and therefore
very small compared with the 25 y= thickness for the whole layer. As will
be discussed in more detail below, the actual capacity is considerably |
larger than this. In the extreme, the very large amounts of charge actually
observed to be stored for point imsges, namely, close to 1011 electrons per
cm2, suggest effective capacities more than 10 times the ideal plane-parallel |
value calculated above.

The loose fiber structure leads to a very high resistivity
measured to be in excess of 10%( om-cm. The RC time constant is very
large. Charge images may be stored on the target without detectsble loss
of resolution for many days at a time.

Thus, by combining & large storage capacity with a very long
time-constant, this type of target represents in effect an electrostatic
photographic plate with controllable gamme and rapid, quantitative charge- A
readout. Compared with a photographic plate, the storage capacity is many ‘ ‘
orders of magnitude larger. Thus, even with an average gain of 100, this ‘
type of target can store 109 photoelectrons or independent events per cm?,
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3.2.2.1

1. Res. (cntr.) limiting,
in TV lines/im.ht.

2. Image Height

3. Focus/Def.

4., Image Sec. Dia.

5. Gun Dia.

6. Length

7. Geometric Distortion
8. Availability

Projected Use

Notes: All electrostatic focus tubes have curves photocathodes.

at the edges.

Electronic Tube Division
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WX-5419 Uvicon WX-30150
500-600 300-350 600
(20 1p/mm) (18 1p/mm) (20 1p/mm)
0.6 inch 0.375 inch 0.6 inch
M/M E/E;E/M; M/M
M/M
3 inches 2 1/4 inches 2 inches
2 inches 1 inch 1 1/2 inches
18 inches 8 1/2 inches 10 1/2 inches
None Dep. on 3 None
Present Present January 1966
| Smithsonian Comm .
Expt.

In general, electrostatic focus tibes are down 30% in resolution
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compared with a storage capacity of lO6 - 107 grains per r:m2 for typlcal
astronomical plates.

3.2.3 Signal-to-Noise Ratio Analysis

In order to allow a measure of comparison between the SEC
Vidicon and the Optechon, the same analysis technique was applied, namely
that outlined in Appendix C. The different reading mechanism of the SEC
Vidicon enabled some simplification, resulting in four equations, bracketing
the operating ranges of the tube with respect to gain and aperture response.
These eguations are tabulated in Table 3.2.1, plotted in Figure 3.2.7 and
show the desirability of high gain and a large value of aperture response.
Although not explicitly stated, these curves also imply that the target
capacitance relative to the other electrodes should be as low as possible.
The curves are based upon a target and amplifier stray capacitance of
60/4/&', and an equalization ratio of 2k. It may be possible to decrease
the target capacitance by half to 30/4/Af, vwhich would have the effect of
increasing the sensitivity of the tube. Lacking this, it is possible
(Appendix B) to increase the equalization ratio to a higher value, say
200 - 300, and still stay within the practical limits of tube and circuit
operation. This condition is shown as the dotted curve in Figure 3.2.7 for
an equalization ratio of M = 200, corresponding to a load resistance
Ri of 8.5 megohns.

Figure 3.2.7 shows the theoretical signal-to-noise ratio
dependence upon the photoelectrons incident upon the target, but does not
take into account extraneous nolse generated outside of the normal gain
(or loss) mechanisms in the tube. One such noise is believed to be due
to the statistical nature of the target structure itself, resulting in a
microscopic variation in gain across the surface of the target, and a
fixed-pattern target noise. While merely conjecture at the present state
of knowledge of the mechanism of the SEC target operation, it seems to have
substantiation, since the noise amplitude increases in proportion to the
stored signal. The pattern noise on low level signals is well below the
amplifier noise, however.

It should be pointed out that the analysis assumes that an image

- element is discharged in a single scan. If it is necessary to integrate the
Electronic Tube Division

[



N N NN LR NN ENENENENENNNRNNRN.

TABLE 3.2.1

SEC VIDICON SIGNAL-TO-NOISE RATIO

Westinghouse @—-

Target Gain = 50

Target Gain = 150

Aperture Response i i
(4.l )74- zsuo“)'/L (4 )T ¥ 1.1)(103)%-
Ay = 0.5
Aperture Response i i- )
(L}?%.lxia’)% (2 + £80)7-

A)) = 009
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Figure 3.2.7.

Electronic Tube Division
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output signal over several scans, it can be expected that the increase in
noise contribution will be of the order of the square root of the number

of scans.
3.2.4 Applicable Properties and Experimental Results

Summary of Inherent Advantages and Limitations of the SEC
Vidicon
Before proceeding with a detailed analysis of the performance
characteristics of the SEC Vidicon as they apply particularly to the
astronomical application of interest here, it seems desirable to list briefly
the main advantages of the SEC principle over presently existing camera tubes.
1. Large storasge capacity of dynamic range equal to
more than four orders of magnitude for point-sources.
High storage surface resistivity of > 1017 ohm-cm.
Large prestorege gain capability (up to 200).
Essentially complete readout in a single scan.

£ w

i~ Al ema M ar bt ol e d aeen® - 2 A
Relatively high target uniformity.

Absence of halation and redistribution effects.

Good recording statistics of each photoelectron
due to high target gain.

8. Accurate and reproducible charge readout to within
better than 2 percent about 10* photoelectrons per
point-source.

9. The absence of readout beam and multiplier noise.

-~ O\ \n

The principal limitations of this type of camers tube are believed to be:

1. The presence of some degree of readout beam-bending.

2. DPossible resolution limitation resulting from smoke
particle size.

3. Point-image spreading at high light intensity.
Operating Characteristics of SEC Vidicon Studied in Detail

In the course of the present study, the following points were
investigated experimentally with specific reference to the astronomical
integration epplication of this tube:

Electronic Tube Division
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1. The degree of reproducibility of the charge read-out
for a given light input.

2. The physical process responsible for the growth of
& point source image on the monitor with accumulated
charge, and its relation to beam-bending.

3. The effective capacity for a point image, and its
relation to the charge-distribution in the target
layer.

L. The ability to integrate over extended periods of
time in the presence of residual gas ionization,
thermal emission, field emission, and light emitted
by the gun-cathode.

5. The effect of neighboring point images on each other.

6. The performance of the target in distinguishing
shades of grey in extended areas.

T. The actual target fixed pattern noise in present
tubes under various operating conditions.

The detailed accounts of these studies follow below.
3.2.4.1 Reproducibility of Charge Readout

In order to replace a photomultiplier as a sensing element in
photometry or quantitative spectroscopy, it is essential that an integrating
camera tube must give a highly reproducible read-out each time a given
number of photons are recorded. Ideally, the reproducibility should be
limited only by the inherent statistical fluctuations of the photons
incident, a situation closely approached by present photon-counting
techniques using photomultipliers. This is, in fact, reflected by the
specifications for the present study, in which the error in an accumulated
6 x th photons is to be at most 5% and prefersbly less than 2%, compared
with the quantum noise limit of 0.4%.

Early data obtained by R. J. Davis of the Smithsonian Observatory
using a Uvicon suggested a considersble scatter of the integrated charge
amounting to more than 10% —h§/ However, these data reflected the early
operating difficulties of the digital television system and computing
circuits then under development for the Smithsonian experimental package.

In order to provide an independent check of these results, data
on the integrated charge for a point-source of known intensity recently
obtained on Uvicons at our laboratory by R. R. Beyer, G. W. Goetze and

Electronic Tube Divisgion
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D. D. Doughty to check the effect of field mesh potentia.lu—g/ vere examined
for charge-reproducibility at a fixed point on the target. The technique
involved integration of the light from a uv source illuminating a 1 mil
diameter aperture for various periods of time from 3 to 100 seconds, and
comparison of the areas under the A-scope traces of the single frame
readout in successive pictures. Two typical photographs of these traces
are shown in Figure 3.2.8. A photograph of cardboard cut-out models of
such traces is shown in Figure 3.2.9. The two in the foreground are those
for the traces of Figure 3.2.8.

Two different methods for measuring the areas were employed.
The first technique involved approximating each pulse by a triangle, and
comparing the areas calculated from the height and width of all pulses
associated with the point-source. The second technique employed as a
check on the first used a planimeter to measure the area under enlarged
photographs of the traces. Both these graphical techniques are limited by
the amplitude of the amplifier noise, the width of the traces and the
errors in area measurement to an estimated 2 - 3 percent, depending upon
the total area of the pulses.

The data obtained are summarized in Table 3.2.2 for the eight
pictures taken under identical conditions except for variations of light
exposure as shown. Inspection shows that the inherent charge reproducibility
in separate readouts is about 2 percent and is probably limited mostly by
the technique employed. In fact, in some cases, the accuracy comes within
a factor of 4 of the theoretical limit set by quantum noise. Thus, it
would require a more sophisticated technique of readout than was available
here to set smaller limits on the charge reproducibility.

It should be added that recent experience with the Uvicon as
reported by R. J. Davislis/ indicates that the integrated charge from a
point-source is also substantially independent of a small change in focus
when the charge is measured by adding the signal amplitudes of all the
elemental areas associated with a given point image. Thus, it appears
that the SEC-type of target is particularly well suited for the absolute
photometry of individual stars or spectral lines over a large dynamic

range, even when the resolution varles across the cathode diasmeter.
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b) 3 x 10” Photoelectrons

Figure 3.2.8. Multiple A-Scope Trace Photographs
of a Point Image
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Figure 3.2.9. Cut-Out Model of Point Pulses like
Those Shown in 3.2.8




TABLE 3.2.2

REPRODUCIBILITY OF CHARGE READ-OUT IN REPEATED INTEGRATIONS
FOR SEC TARGET IN TYPICAL UVICON

(a) By Triangle Approximation

Westinghouse @—

Area under Quantum
Picture| # of Photo- |[Pulses-Orbit| % Deviation|Estim. Error| Estimated | Noise
No. Electrons Units from Mean of Method | True Error Limit
r:= _— ==
1 3 x 101‘L 118
+ 3.5% + 3% + 1.5% 0.58%
2 3 x 10'+ 110
3 1.5 x 10° 288 |
+ 1.5% + 2% <+1% 0.26%
4 1.5 x 10° " 297
5 1.5 x 106 g1
+1.0% + 2% <+ 1% 0.08%
1.5 x :Lo6 961
7 3.0 x 106 1809
+2.3% +2% + 1.1% 0.06%
8 3.0 x 106 1731
(v) By Planimetry
3 1.5 x 10° 130
+ 3.3% + 3% + 1.5% 0.26%
4 1.5 x 10° 139
5 1.5 x 10° 420
+ 2.3 + 2% + 1.2% 0.08%
6 1.5 x 106 klho
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The capability of the SEC-Vidicon for storing charge through
a large dynamic range is seen to be superior to that of the image orthicon
for several reasons. First, the image orthicon target has a considerably
smaller electrical capebility, ranging from about 1 /ya.f/ cm® for thin-f£ilm
orthicons to ltO/A/uf/cme for glass target tubes. Next, the useful voltage
excursion of the target surface 1s about 15 volts, as compared with only
2 volts for orthicon operation. Further, the SEC-vidicon approaches
saturation asymptotically, with a transfer curve somewhat resembling that
of a standard vidicon. The saturation limit is not reached abruptly with
great change of the character of the image (e.g., dark halo effects) as in
the orthicon. It is evident that the thin-film orthicons best able to store
charge without loss by lateral conduction are inherently unable to integrate
as well for attaining the large number of independent events necessary to
make quantum noise small compared to all other sources of noise in the
system. Another pertinent factor is that it has not been possible to
develop orthicon targets that permit nearly complete read-out in a single
frame scan, so that further loss of information results.

3.2.4.2 Point-source Image Diameter and Beam-Bending

One of the most serious limitations noted by other investigators
for the image orthicon is the rapid growth of a stellar-image with
increasing brightness]#-]@l-a—Q/ This imposes a severe restriction on the
ability to resolve faint objects close to bright ones, and applies equally
to spectroscopy where faint satellite lines near bright emission lines
would be lost.

In the image-orthicon, Livingston found this to be due to at
least two factors, electron redistribution in the image section and
deflection of the scanning beam during readout, the so-called beam-bending
effect .ll-si)/ To this must be added the possibility of actua:_]: spreading
of the stored image on the target due to the scattering of the incident
primary electrons, the finite electrical resistivity, and light-scattering
due to optical imperfections.

In the SEC-Vidicon, the redistribution effect is absent since
the photoelectrons penetrate to the scanning side of the target, and the

dominant number of secondary electrons formed are not emitted but instead

Electronic Tube Division
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collected by the conductive backing. Only when the target elements have
charged close to the field-mesh potential and therefore also close to the
target back-plate in potential an appreciable fraction of the secondaries
emitted from the surface. Thus, as long as the target remains well below
full saturation, corresponding to 101t electrons/ cma, ordinary redistribu-
tion remains a small effect.

Some possibllity of sideways spreading of the charge within the
layer thickness of 25 M does exist. If the diffusion were Lambertian at
the entrance side of a 25 u layer, the resolution limit would be about
1 1p/25 > equivalent to 40 1p/mm. However, the effective thickness is
less, and resolutions twice this have been observed, with a possibility
of still higher resolution to come. Nevertheless, one expects to find an
increase of the image diameter relating to the layer thickness due to
scattering of the incident photoelectrons by the accumulated positive
charge, as well as a certain amount of broadening associated with the
scattering and diffusion of the slow scanning beam electrons within the
smoke-layer. This sideways diffusion of electrons in the target should be
a function of the internal field created by the charge already present, so
that an increase of apparent diameter to a few times the target thickness
of 25 /u might be expected at high point intensity as a result of this cause
alone, as indicated schematically in Figure 3.2.10.

As to the effect of beam-bending produced by the charge on the
target, this should be present to the extent expected from the known field-
mesh spacing and the wvelocity of the scanning beam electrons at the field-
mesh before they are slowed down. It was therefore of interest to
determine how large a beam-bending effect was to be expected theoretically,
and to compare it with the observed growth of point-source diameter as
determined on the monitor in the experiments carried out by Beyer.é-g/

The observed dependence of apparent point-source diameter on
the total number of photoelectrons producing the image is plotted in
Figure 3.2.11. It is seen that when plotted on semi-log paper, this
apparent diameter grows approximately in proportion to the logarithm of
the integrated photon flux or charge over the range from 103 to 106 photo-
electrons per image. Since the gain of this particular tube was set at
approximately 20, this corresponds to a range of 2 x 101* to 2 x 107
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Schematic diagram illustrating the side-ways
diffusion of the scanning-beam electrons
believed to take place in the porous layers
of an SEC target.
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electrons per point source. Beyond 106 photo-electrons, the image size
is seen to grow more rapidly, corresponding to the fact that the surface
potential reaches and even exceeds that of the field-mesh and redistri-
bution becomes important. A similar logarithmic dependence of image size
on brightness exists in the photographic plate, where it is in fact used
to measure stellar magnitudes. Likewise, Livingston has shown a similar
dependence of image-size on magnitude in the image-orthicon«y However,
under the conditions used, the absolute sizes were much larger and the
dynamic range available was only a factor of 40 to 4 stellar magnitudes
as showz ir Figure 3.2.12 for tubss of different field-mesh spacing.

From the dependence on field-mesh spacing on the scanning
beam size, Livingstor concluded that beam-berding is the dominant effect
in the image-orthicon. Tc see whether this is the case in the SEC-Vidicon,
it was decided to calculate the expected beam-bending by means of a computer
ray-tracing program recently developed at our laboratories by A. K. Rigler.
In order to obtain a potential for which a simple analytical solution could
be found, it was decided to examine the more severe case of a single
linear charge distribution on an infinite target plane, with dimensions
to fit the Uvicon grid spacing and operating potentials. This situation
would be encountered for a bright spectral line on a uniform background,
and by using the potential *o which the strip is charged relative to the
target-field mesh potential difference, a series of conditions as might be
encountered in spectroscopy could be simulated.

The actual spacings and poterntials are shown in Figure 3.2.13
together with the notation used. Electron-beam trajectories were traced
for a series of starting positions a distance Ro from the position of
the charge-strip, and the deflection AR calculated at the target plane,
vwhich was assumed to have a small potential approximately twice that of the
thermal velocity of the scanning beam. The resulting AR for a series of
assumed strip potentials and scanning beem energies of field-mesh potentials
are tabulated in Table 3.2.3, with distances given in microns.

A plot of the deviaticn AR ageirst the log of the target strip
potential i:s shown in Figure 3.2.14. The curves are seen to have the same
gerereal cﬁamcter as the plot of image diameter versus the log of the
rumber of photc-electrons stored. However, the absolute magnitude of the
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Figure 3.2.12. Diameter of a Televised Star Image as
& Function of Star Magnitude
(Reference 1, Livingston)
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Plane of Field Mesh GF - Ro —
I *—eo ® < -———¢ - j —0— * 4 VG
(100-1200 volts)
Electron
2000 U Trajectory ———o___|

Charged
AR I' Strip
| A I N N N A S N N 0.5 volts
400 300 200 100 5 ° 0 Plane of
Distance from Center of Charge - u | Target

Figure 3.2.13. Diagram illustrating the electrode spacing and
applied potentials used for the computer calcu-
lation of scanning-beam deflection A R due to
a target strip charged to a positive potential
relative to the remaining target. R, represents
the distance from the center of the strip to the
point of entrance of the beam.
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. TABLE 3.2.3
. DECELERATING POTENTIAL
100 200 400 800 1200
' Dist. from ‘
. cemﬁzr AR AR AR AR AR
Strip
50 m 11.50 6.20 3.35 1.81 1.27
Fotential 75 6.2 3.48 1.90 1.02 0.72
. 1.88 100 L,56 2.53 1.37 0.73 0.51
* 150 3.07 1.68 0.90 0.48 0.33
200 2.34 1.27 0.67 0.35 0.2k
. 250 1.90 1.02 0.54 0.28 0.19
50 pm 14.38 T.17 3.7h 2.60
. 75 13.53 7.25 3.87 2.06 1.43
100 9.47 5.16 2.76 1.47 1.02
375 150 6.22 3.38 1.80 0.95 0.65
l 200 sl 2.54 1.34 0.T1 0.48
250 3.80 2.04 1.08 0.56 0.38
. 50 pm 16.77 T.97 5.38
75 33.09 15.85 8.09 L .20 2.90
o 100 20.64 10.76 5.6k 2.96 2.0k
. 75 150 12.84 6.86 3.63 1.90 1.31
200 9.57 5,12 2.70 1.41 0.97
. 250 7.67 L.09 2.15 1.12 0.77
50 pm 18.39 11.54
75 39.49 17.62 8.73 5.90
15.0 100 50.78 23.46 11.75 6.03 k.11
2 150 2741 1k.15 7.35 3.82 2.61
200 19.72 10.38 5.42 2.82 1.93
250 15.59 8.24 .31 2.24 1.53
' 50 M.
75 43.98
30.0 100 75.14 58.21 25.43 12.40 8.34
: 150 63.36 30.08 15.11 7.7 5.23
. 200 42,00 21.31 10.96 5.65 3.84
250 32.20 16.68 8.64 iy ¢ 3.04
. Potential in Volts
Distance in Microns
l Electronic Tube Division
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Figure 3.2.14. Result of beam-bending calculation for the deflection

at the target AR as a function of the potential of
the charged strip on the target of a UViecon. Curves
are shown for a series of field-mesh potentials. The
curve for a mesh-potential of 400 volts represents

the calculation for the actual experimental conditions
used in present tubes.
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deflection at a target potential of 15 volts and a field-mesh potential of
4OC volts corresponding to operating conditions in the Uvicon is considerably
less thar the observed value for target saturation between 106 and :I.O7
photoelectrons. For a ray starting 100 M eway, the calculated deflection

is only 11.8 M s compared w:!.th the point-source half-width of 12.5 /M and an
observed broadening to & half-width of some 150 /u « With a TV line spacing
estimated to be approximately 50 /.L » the beam would have had to be

deflected by about three TV scan lines to account for the observed
breadening in terms of beam-bending alone.

Since the calculated case would lead to stronger beam-bending
than the actual case of a circular source, it would seem that in the range
of operation below saturation at least, beam-bending is not the limiting
factor on image size. Instead, it would appear that diffusion and scattering
of the scamning beam electrons within the porous target layer under the
influence of the field of the charge stored accounts for most of the image
widening. In a sense, this is another form of beam-bending, but the
mechanism is different from the straightforward beam-bending calculated.
The difference of the further diffusion mechanism is that beam electrons
that penetrate into the interspaces of the target layer may find them-
selves at near-zero velocity and within the field inside the layer from
whence diffusion wandering inside the layer can occur.

If this is right, it follows that only marginal improvement
could be expected from efforts to reduce point-image width by using higher
beam voltages and closer field-mesh spacing. However, it might be possible
to achieve somewhat smaller images by reducing the target thickness.

3.2.4.3 The Effective Capacity for a Point Image

Data concerning the capacity of the target layer for extended-
area images will be discussed later. The subject here will be the effective
capacity for a point image. During the course of the present study,
eviderce accumulated to indicate that the point-image capacity may
effectively be higher by powers of ten than might be expected from the
area assoclated with the resolution element area and the capacitance of
the order of 25 to hO/A/,d.’/mna computeble from the typical layer thickness.
A final answer is not yet known with confidence, but some of the points
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considered are of interest. It now seems likely that the point-image
capacity is high, though perhaps not by the very large factors originally
corsidered.

As Figure 3.2.11 shows, the number of photoelectrons to a point
image may be as high as 3 x 106. The number of stored electrons is still
larger, increased as it is by the gain of the target layer. If all of this
charge, as actually measured, were contained within the diameter of a spot
resolvable at low intensity, and if the capacity per area is that computable
as above, then the potential of the target surface at the point-image peak
would be many hundreds of volts, or even thousands. Now the obvious
explanation is that the charge spreads. However, the resistivity of the
material is so high that images may be stored for days. This leads to the
thought that the charge may not spread sidewise. Since it seems impossible
for the point image or any part of the surface to rise significantly above
the nominal +15 volts at which the suppressor grid is operated, one is led
to the thought that the capacity of the point may rise in some way to meet
the occasion of the large electrical charge, without large positive potential
excursion.

The theory of the mechanism of charging of the layer by secondary
electron emission does actually suggest that an action of this sort may occur.
Briefly, the target material is highly porous, and the charge would be
expected to reside at some significant depth below the surface. Further,
a3 a result of the field distribution within the layer, later portions of
the charge contributed during the exposure would be expected to reside at
increasing depths from the surface, or closer to the target backplate.

Tke condenser thus formed is, so to speak, increasingly thinner as the
exposure progresses, and thus the capacity is increasingly large.

As a further separate likely effect, Livingston has pointed outa]-'/
that even for a regularly behaving dielectric layer, an isolated picture
element has approximately four times the capacity calculated from the
parallel-plate formula, which may be further increased by the presence of
excess negative charge in the surrounding area.

It is thémfore likely, due to either or both of these effects,
that the point-image capacity is quite large, probably at least ten times
the plane-parallel value. Attempts to measure this effect directly have,
however, proved inconclusive to the present time, although the results
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suggest high point-image capacity. The visualization is that the actual
electrical point image is significantly smaller than that apparent on the
monitor and that the excess apparent dimension is due to beam bending and
sidewise diffusion of scanning electrons as previously discussed.

3.2.4 .4 Long Term Integration

Although integration with full voltage on the tube have been
demonstrated in the Uvicon over periods of many hours, no such data was
available on the SEC-vidicon with a photocathode sensitive to visible
light. Accordingly, two different tubes of the type presently available
(WX-5419) were studied in this respect.

A demonstration model used over & period of a year and a helf
(Tube #6) was operated with all normal potentials on (except for the beam,
which was cut off by a negative control grid potential). It was operated
for three minutes before a visible ion-spot became noticeable during
integration. This tube was found to be relatively gassy, and could not be
pumped down further by the attached ion gage. It was also found that the
filament in the thermionic cathode contributed to the background when it
was left on at its full voltage during integration. No evidence of back-
ground due to the thermal or field emission was found.

A second tube of this type also showed no effect of any thermal
or field emission during 10 minutes of integration, which was again
limited by an ion spot developing, which became a limiting factor after
15 minutes.

Since there was no requirement to build tubes capsble of such
long integration under the Air Force contract for which these tubes were
originally designed, the actual performance in this respect was better than
expected. There appears to be no reason why SEC-vidicons cannot be built

that will be as free from gas as Uvicons, once sufficient care in bskeout
and tube processing is used.
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“3.2.4.5 The Effect of Neighboring Point Images

A series of A-scope studies and photographs were made in order
to determine the effect of image broadening and beam-bending on the shape
of point images and the mean position of neighboring point images. In
particular, efforts were made to observe any charge-dependent image asymmetry
or displacement of the type noted by Livingston for the image orthicon.

Early A-scope photographs like those in Figure 3.2.8 seemed
to show an asymmetry or tilt of the pulse into the monitor quadrant from
which the beam approaches in its scan pattern. This proved to be incorrect,
with the tilt originally observed dependent upon the detailed beam focus
adjustment. The three photographs shown in Figure 3.2.15 were made under
improved instrumentation and widely different adjustments of the A-scope
and of the vertical interval between scan lines. All are output images
of sub-aperture input point images. They show no tilt of the output pulse
at an angle into the direction of the upper left corner, as suggested by
the earlier photographs. It is nov established that no agymmetry develops
in the direction of the scan lines. However, as the point intensity
increases, the output image does tilt vertically into the direction from
which the scan lines approach, and the centroid of the output image shifts
into this direction. This is shown best by observing the comparative
positions of neighboring points.

The effect is shown in Figure 3.2.16 (a) and (b). In the first
photograph, three nearby point imeges are seen at low intensity. It was
found that the relative positions of these images remained unchanged as
long as the intensities remained small, even for intensities differing by
a factor of 2 or 3. However, when the intensity of the central image
was increased to a high level, as shown in the second photograph, its mean
position shifted upward perpendicular to the scan direction, or toward
the direction from which the successive scanning lines advanced during the
field scan. |

The effect is a type of "beam bending". Since a number of
scans are required to read off the full image, the amount of discharge
during a single scan is not a large fraction of the total charge present.
During the course of a single line scan, the beam is pulled about as much
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on approach and recession from the point, and no right-left asymmetry
develops. However, in the vertical direction the approaching beam is
pulled by the full point charge, whereas the receding beam is not pulled
upwards since the point has by that time been discharged. It should

be noted, however, that for wider spacing between the scan lines, as in
the earlier photographs of Figure 3.2.8, some displacement to the left
might be detectable.

The effect is similar to the "beam bending" observed by
'L’neileég/ and by Livingston-l-/ in the image orthicon, although none of the
rather complicated secondary oddities of shape observed by Livingston
appear to be present. The upward shift of the point image position at
high intensity seems to be a bit larger than expected from the computer
program calculations. Therefore, it is belleved to involve diffusion
of the scanning electrons in the smoke layer as well as regular besam
bending. Further studies would have to be carried out to see whether
this explanation is correct and, if so, whether the effect can be
reduced by the use of thinner target deposits. Although the shape of
the circular image is distorted, Beyer's measurements show that the total
amount of light or charge associated with the bright central source can
be determined accurately independent of this distortion.

The @bsence of any unusual influence or distortion of two
neighbcring point sources as they approach each other is illustrated by
the pictures of two crossed filaments in Figure 3.2.17.

These pictures were obtained with a special light source
constructed in the course of the present study, designed to provide a
convenient means of simulating two point sources of arbitrary brightness
and continuwously-varying separation.-s-y Figure 3.2.17 shows the two
filaments, equivalent effectively to a series of point sources of equal
intensity, approaching each other. A detsiled examination shows that
neither the width nor the positions are distorted as the two sources
merge and their amplitudes add. Since the input images of the filaments
are much smaller than the resolution elements, the brightness adds at
the point where they cross. It is hoped that this type of test-device

can be used in future measurements of the performance of electronic image
tubes for astronomy.
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3.2.4.6 Target Performance in the Photometry of Extended Areas

A series of measurements were carried out at the Aerospace
Division laboratories to determine the performance of the SEC-Vidicon
in the accurate measurement of the brightness for extended area sources,
and to check for a possible variation of effective target capacity with
charge density stored. These tests involved a measurement of the inte-
grated charge on & limited central area of the target, with a sumultaneous
measurement of the voltage to which the surface of the target had risen.
The charge was measured by photographing the video signal for
successive scarning fields scanred in interlaced lines every l/60th of a
second, and adding the charge determined from the current amplitudes in the
successive fields. A complete frame is scanned in two successive fields,
s0 that two fields are required to reach every part of the target. As
shown from a typical photograph of the video signal in Figure 3.2.18 and
the plot of Figure 3.2.19, more than 92% of the total charge stored is
read out in a complete frame consisting of two interlaced fields s even
when the target surface is charged close to voltage saturation.
The target surface potential after the exposure to light,
war ucasured Dy “feeling” with the reading beam, until the potential
difference between cathode and target was increased (from a negative
value) to the point at which a threshold imsge flash on the monitor
was just perceivable. The accuracy of this method seemed to be about
0.2 volt at the higher target surface potentials in the region of +15
volts; but the uncertainty became' & volt or two at low surface potentials
in the region of 2 to 3 volts. The reason is attributable to the
effective reduction of contrast in the monitor display: at +15 volts,
the edge of the illuminated image area was a high-contrast, sheer drop-off
of 15 volts pctential difference, whereas at +2 volts, the edge was less
contrasty.
This method of measurement involvad integrating the image of
a small area 0.2 inch by 0.15 inch on the photocathode with a known scene
brightness of 0.88 ft-candles for an exposure of 0.5 second; followed by
triggering the succession of fields for recording on the A-scope. The
broad horizontal line in each of the photographs of Figure 3.2.18 is a
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base line, interrupted by short dark intervals corresponding to the blank
between fields. The fainter lifted portions correspond to the readout
trace for the electric image of the pattern.

The photocathode illumination was varied by changing the
lens opening, keeping the exposure time constant. The three photographs
of Figure 3.2.18 are the field readout records respectively for the target
surface charged to 4.6, 10.0, and 1%.3 volts, always with the suppressor
grid at 25 volts. Readout is very complete in one field at 4.6 volts,
but three fields are required for completion at 14.3 volts, since this
potential approaches the first-crossover potential closely. A plot of
target surface potential Vs and total charge stored, as a function of
light exposure is shown in Figure 3.2.20. The target back-plate potential
V¢ was at 10 volts, and the suppressor mesh was at 25 volts, as noted above.

It is seen that the surface potential Vs increases from the
low-exposure value at the left somevhat less rapidly with exposure than
the charge Qt stored on the target. This suggests that the effective
target capaclity, proportional to the ratio of Qf/Vs increases with
increasing total charge. The same indication is obtained from a plot
of Vg vs. Q in Figure 3.2.21 where the points would fall on a straight
iine ror increasing Wg , 1I The capaciily were constani. The eifeciive
large-area capacity is plotted agsinst Q,t in Figure 3.2.22, and it
shows & consistent gradual increase with Qt from a minimum of
22 + 10 /»/uf/ cmg, expected 1f the charge 1s near the top surface of the
layer, to 94 /U/Af/cmz corresponding to a reduced mean distance from the
back-plate. The probable error of the measurements is indicated on the
plot, and is distinetly poorer for the two lower points. It is felt,
hcwever, that the accuracy is sufficient to establish the non-constancy
of the capacity.

It should be noted that even the maximum value of 9k /u/af/ cm?
for a large area is considerably smaller than the capacity estimated
from other measurements for & point source. The point image value may
well be 10 times as great.

From the measured charge dersity of 1.6 x 10~9 coul/cnm® at
a surface potential of 17.5 volts, one finds that 1010 electrons/cm2
can be stored on this particular target befcre saturation is reached,

and that, as Jjudged from Figure 3.2.20, probably 10 times this charge
Electronic Tube Division
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could have been stored before Vt attains the limit set by Vgs at 25
volts. The area of the resolution element corresponding to a pair of TV
lines 1s 33.5 x 10~6 cm2, leading to & stored charge of 3.35 x 100
electrons per element at 17.5 volts for Vs « It follows that the
inherent quantum noise limited accuracy of determining the charge, 1is
0.17% at this total charge, or 0.54% at 3.35 x 10* electrons per element.
This i1s well-within the desired accuracy of two percent.

For the wideband amplifier used and the high scan rate of
standard TV, the target used for most of these studies gives a measured
dynamic range (meximum signal divided by noise) for area sources, of
about 66, or 1.5% accuracy, using the noise amplitude as 1/6 of the peak-
to-pesk noise signal. This is illustrated by the photograph of a step
grey scale reproduced in Figure 3.2.23, where the difference between the
two areas of lowest transmission represents 2.5% of full transmission.
The filter transmission steps are listed in Table 3.2.4. A plot of
signal smplitude vs. light transmitted 1s shown in Figure 3.2.2L4.

TABLE 3.2.k4

Filter Tranemicsion for Fioure 2.2.22

Step No. Transmission

0.015
0.028
0.035
0.054
0.075

0.135
0.180

0.250
0.340
0.530

OV IO FwpH

=

© 30247 Fixed-Pattern Noise in the SEC-Vidicon

Although experience with the UVicon has shown that the image
defects that stand out as bright "stars" can be held to less than 2 to Y,
even after the violent shaking experienced on the shock-test table, there

Electronic Tube Division
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does exist some lovw-level fixed noise on SEC targets under certain
conditiors. This is, for instance, indicated in Figure 3.2.25, where the
grey scale is shown as recorded at another portion of the target and at
higher brightness than used to produce Figure 3.2.23. It is seen that at
high states of charge, some fixed noise appears, the origin of which is
not understood at present. In this tube the pattern nolse was not
originally present, and increased with the age of the tube. Other tubes
have not shown this increase of pattern noise with age, and in general,
the degree of this effect will vary from tube to tube.

It 1s found that when targets have been carefully prepared,
and when they are operated at low target voltages or gains, such noise
does not appear. Studies with a scanning electron microscope of the local
variation of secondary electron emission from smoke films, carried out by
M. Green-s—e-/ under another contract, have shown that for areas 10 microns
on an edge, the secondary electron emission varies by less than 1%.
However, this variation is greatly increased in amplitude if target
processing control is lost.

It is hoped that further work now in progress will allow a
better understanding of the fixed pattern noise. However, on the scale
of resolutions presently contemplated (25 to 5U microms), 1t is believed
that targets can be made whose sensitivity does not vary by more than 2%
from element to element.

3.3 Common Properties
3.3.1 - Size, Weight, and FPower

Eventually, the Optechon and SEC-Vidicon will be considered for
use in the OAO experiment. In fact, the Uvicon has already been slated for
the Smithsonian Series of QAO experiments, and some of the results quoted
cn the repreducibility of charge readout were performed as the result of
work performed on this contract«zz/

The two tubes are generally alike in physical configuration and
operation, so that it is possible to estimate the size, weight, and power
requirements for a sensor-system package for either. Based on our work

Electronic Tube Division
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Figure 3.2.25. Fixed Pattern Noise
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with the Manned Spacecraft Center at NASA, Houston, under Contract NAS 9-3548
(Development and Fabrication of Lunar Low Light Level Television Camera for
LEM), we are in a position to make a realistic estimate for a spaceborne
star spectra camera for the QAO.

This estimate is based upon & hybrid type of SEC-Vidicon or
Optechon being used, ﬁith the lowered resolution resulting from this mode
of operation, and would apply to space qualified, highly reliable
equipment:

Size 120 in3 (Typically 10 in. x 3 in. x 4 in.)
Weight 7 1bs (Less primary power supply)
Power T watts

This equipment would represent a state-of-the art slow scan camera modified
for the more complex scan and synchronization scheme envisaged for the QOAO
application.

In order to provide higher resolution, the above figures would
need to be increased to provide for an all magnetic system, using either an
electromagnet or permanent magnet for the focusing field, and the added size,
weight, and power necessary to stabilize the tube and circuit operating
potentials.

3.3.2 Compatability of Substrate and Fhotosurface

In order to realize high quantum efficiencies, photocathodes
having cesium as a constituent must be deposited under carefully controlled,
if not ideal, conditions. In addition to its utility as & semiconductor
type of photoemitter, cesium is a highly-reactive metal: consequently
it will react with any and all foreign materials within the tube envelope
if these materials are not compatible with it.

The formation of the semiconductor photosurface takes place at
an elevated temperature with a particular partial pressure of the alkali
metal above the base metal, usually antimony. For a multialkali photo-
surface, the process of formation is carried out in seversal stages, the
deposition of the cesium usually being the last. If the partial pressure
of the cesium is not correct, due to "gettering" of this metal by
impurities, the quantum efficiency of the photosurface will suffer.
Consequently, the establishment of maximum quantum efficiency within a

Electronic Tube Division
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tube structure that has undergone certain Processing operations is largely
a matter of cut and try. Once it is established however, it can be kept
under control by proper control of the prior processing history of the
tubes. The suitability of the substrate meterisl for the photosurface is
also of great importance in the preparation of high quantum efficlency
photoemission coatings. In normal imasge orthicon production, the code
number of the glass has been found to influence the sensitivity. Certain
cleaning procedures, rather than cleaning the surface of contaminants,
replace them with a material more harmful than the contaminant they remove.
Ammonium bifluoride is an example.

Early in the program, the suitability of the Lithium Fluoride
window as a substrate for the S-20 multialkali photosurface was questioned.
While successfully used in the Uvicon, the Cesium Iodide photosurface used
in this tube was deposited as a compound rather than Pormed on the window
substrate, as must be done with the S-20 surface. This is further compli.
cated by the fact that lithium fluoride is a hygroscopic materisl* and
must be thoroughly baked out before photocathode processing.

It has been hoped that several photodiodes could be made to
check the compatability of the S-20 photosurface with the lithium fluoride
window material. Consultation with Westinghouse Electronic Tube Division
engineers showed that unless & sufficient mumber of samples were made, the
results would tend to confuse rather than clarily the issue. Failure in
making high quantum efficiency photocathodes in the first few tries would
not necessarily indicate noncompatability, but more probably lack of
process control.

This problem is therefore unresolved, and requires further
effort, mainly of an experimental and possibly of a developmental nature.

¥
D. D. Doughty, and G. Skorinko, "Cesium Iodide Photodiode,” Final Report
for Contract NAS 5-961, (NASA Goddard) dated 1961-1962 Research Report
63-912-255-R3.
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3.3.3 Magnetic Focusing

Depending upon the relative importance assigned spatial
resolution in astronomical applications, it may be mandatory to use magnetic
focusing for image tube sensors in space. Experience with the Astracon
has shown that the resolution drops by an order of magnitude if a confining
magnetic field 1s not used.

The problem implicit in magnetic focusing is twofold if an
electromagnet is used: <first, the weight of the focusing coil; and second,
the weight, volume, and power consumption of the power supply. Depending
upon the resolution required, the latter may vitiate any advantages that
may be gained.

A patenb?—’g/ was assigned to Westinghouse Electric Corporation
by Dr. G. W. Goetze describing a method of providing an axial magnetic
field, that can be varied over a range, for imaging tubes (Figure 3.3.l1).
It has already been successfully used with the Astracon and shows excellent
promise for space application. 'No power supply or cooling is required, and
ceramic magnetic materials can be employed to permit weight reduction. The
field configuration can be confined within a permeable magnetic shield,
thereby decreasing the stray magnetic stray field that may interact with
the earth's magnetic field in space, producing a perturbing torque.

Before & fair weight-volume comparison can be made, further
work is required in order to design a permanent magnet focusing system for
an imeging tube, and measure its long- and short-time stability, preferably
under actual operating conditions with a high-resolution system. It can
then be compared with an electromagnetic focus coil and supply of
camparable stability characteristics with respect to weight and volume.
Both electromagnetic and permanent magnet system would require special
effort to determine the optimum magnetic shield configuration (thought to
be spherical) in order that the torque of this system is minimized.

Electronic Tube Division
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APPERDIX A

Johnson-Nyquist and Amplifier Noise

It 1s more meaningful to compute the signal-to-noise ratio of
the imaging or storage tube by including the noise contributions of the
preamplifier following it. First of all, the imaging tube is a current
source and most low-noise amplifiers are voltage amplifiers. A load
resistance must therefore be provided, thereby introducing Johnson-Ryquist
noise. The level of the voltage signal across the load resistance is quite
small, so that it must be amplified in order that it can be used at another
location. The amplifier used must introduce little noise of its own and
mst have sufficient gain so that the noise contribution of succeeding
stages of amplification is negligible.

The need for a load resistance and the presence of stray
capacity in the imaging tube, wiring and input circuit of the preamplifier
implies a frequency dependence of the input network, which dictates an
equilization network in later stages if the overall frequency response is
to be constant over the required bandwidth.

The connective circuit between the imaging tube and the
preamplifier network is shown below.

e O . @_@._ 0
, EquaLizaTion

[ NeTwork

¢ R H (w)
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From this circuit it is possible to compute the noise power

spectrum,
2 2 2+ laT RL C"p 2
d(e, ) = G*|Hew) [4;1:2\0‘12,,%;%1 + o((en)] (1)
Followling convention,
d(e?) = 4kT R, df ( 2)

where en2 is considered to originste in a fictitious resistor, Rt’
The quantity H(() represents the response of the equalization
network, chosen so that

[Heol* = 4TERICH #1 5 for ££F,

IHwl*= 0] | for £>¢£ (3)
Therefore:
d(e,)" = 4kTG™ [R dF + R, (1+4T£°R ¢ dF) ; (1)
for F£6,

Irtegrating from O to fc'

—_— 203 p *pl
(e,) = 4kTG* [P: f.+ Rf, + 4T % R cJ?"}. (5)

If equation (5) is converted into an equivelent noise current referred to
the input of the amplifier, it becomes '

— ey _ 4me Re 4R 6
(A“’h) = é—g-‘z—):l - \ [ ' + 26 + :)) ]o ( 6)

[N

If the equalization ratio is defined as

£ _
M = = ZTC&R;C:, ) (7
211:12,‘_6.',
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the noise current equation can be further simplified to

oy = 4k | 1 (8)
( bk C ?i ?62. 3 L]

So far, nothing new has been introduced in the analysis, and
equation (8) can be found in several references 24,25,26,43 If it is

"normalized" by dividing it by the bandwidth squaered

[7.YMg = (6_’.( = 4kT %& *Rt(l’fccc)lﬁ, ‘T+ vl

£

s (9)

from which can be computed the noise fluctuation per cycle of bandwidth

either in amperes per cycle, or in electrons per cycle of bandwidth. This

becomes
)

qn = 4kT %c_ + (ﬁtci)‘EJ@(—‘s— + Ferl ] (10)
Equation (10) depends mostly upon the shunt capacity of the input to the
amplifier and the equalization ratio, for a given bandwidth. Figure A-1
shows the noise fluctuation as a function of the equalization ratio for

two values of input shunt capacity. In this graph the bandwidth has been
taken to be 62.5 Kc/sec and the equivalent noise resistance of the tube

Rt as 1000 ohms.

It can be seen that decreasing the shunt capacity Ci has the
greatest effect upon decreasing the noise fluctuation for a given bandwidth.
Lacking the ability of doing this, increasing the equalization ratio (by
increasing the load resistance Ri) can also help to decrease the noise
fluctuation. Since the curves in Figure C-1 have asymptotes, arising from

1

T R.E )

Lim (g) = 4me | == (11)

M-=o0

thy . o2/
e noise fluctuation can never be less than that given in (11). As Theil

shows, this leads to a maximum signal-to-noise ratio for an optimum r_value
of load resistance.
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Certain factors normally preclude the use of high values of
input resistance.* Grid leakage due to emission, soft X-rays, gas, etc.,
Place a practical 1imit of one to two megohms on the grid resistance of
most high G, triodes. It should be possible to overcome this by returning
the resistor to a low-frequency feedback network to stabilize the operating
point so that a value up to 10 megohms can be used.

A second factor is concerned with a practical limit for equali-
zation. When the gain of the first stage drops to unity, the noise of the
second stage will dominate. A practical first stage at 100 Kc can have
a maximum voltage gain of, say, 25 times at 100 Kc. Equalization by
attenuation of the lower frequencies is permitted where the noise
contribution of the later stages can be ignored. There will be a frequency,
fl, where the gain of the first stege drops to unity due to the low frequency
attenuation and the relative noise due to the second and later stages
becomes significant. However, the bandwidth increment from zero to that
point is much less than fl to fmax and (since the lower frequencies are
attenuated) the total noise contributed by these stages remains insignificant.

Instead of choosing the optimm resistance for maximum signal-to-
noise, if we can be satisfied with a signal-to-noise ratio arbitrarily taken
as 90% of the maximm it is possible to show by suitable manipulation of
equation (6) that

1, % 2
B: +Re = o0.235 | 4T 0;312;41, N (12)
>

thereby enabling the calculation of Ri for this compromise.

For normal TV rates corresponding to an £, 0f 5 Mc/sec, the
equalization ratio (for C; = 30 pf) can be seen to be of the order of 20 to
50, and is often cited as the "practical limit". For lower bandwidths, such
as used in the 0AO, equalization ratios of 150 to 300 are possible.

P
I am indebted to M. P. Siedband for the remsinder of the remarks in this
Appendix.
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APPENDIX B

Effect of Low-Pass Filtering on Signal-to-Noise Ratio

In reference 43, Goldman treats the case of a rectangular
pulse passing through a low-pass filter with a sharp cutoff at fc, and a
linear phase characteristic. Curves giving the derived pulse shapes at
the filter output are reproduced in Figure B-l. The amplitude of the
output signal G(t) shown in Figure B-1 is the value of the factor A,
in the body of the report, since it is the result of an input pulse of
unity amplitude.

If a comparative signal-to-noise ratio is computed, Figure B-2
shows the result plotted against the reciprocal of %, (/f: = number of
resolution elements per cycle of bandwidth). Figure B-2 implies that the
maximm signal to noise ratio occurs at a value for k& of approximately
1.5.
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APPENDIX C

Signal-to-Noise Analysis
1.0 INTRODUCTION

In order to assess the signal-to-noise qualities of the Grating
Storage Camera Tube, the method proposed by deHaan2® was adopted so that
the contributions of the various gain processes within the tube would be
apparent, and a parametric study would be possible.

DeHaan's thesis begins by stating that if n particles fall on
a unit area of some substance in wnit time, each will encounter a large
number p of electrons. If there is a fixed chance ¢ that an electron
is excited, and a fixed chance r that an excited electron is emitted or
raised to the conduction band, the average number of electrons emitted or
participating in the conduction is Zz = npqr . The mean square value of
the total fluctuation in 2z 1is & summation in quadrature of the
fluctuations in z due to the probability of emission r , of the fluctua-
tions in 2z due to the probability of excitation q , and of the fluctua-
tions in 2z due to the gaussian distribution of n in time, so that

(a2} =Tpqr + Rpgr*+ fiper, (1)

If a value O is defined as the mumber of electrons or particles produced

on the average by an incoming particle, then 0 = pqr and (1) becomes,
for r<<K 1;

(Az);m: nNo + NG + nagr "AT\G'(O‘H), ( 2)

for this physical mechanism, having a characterizing value O » which can be
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either a gain or a loss. Also, 1f J mechanisms occur in sequence, where

. _d
Z =n TI- Gz s So Hat G = P'_%er; ( 3)
L=1 P>, g, <1 r«l.

then

. -

b} J
e~ *Te | T + T +
=1

c;+m+1], (1>
2= | £9% =3

Equation (4) is pivotal in the following analysis, since it
expresses the noise fluctuation in terms of the system gains. It does not
provide for excess noise in semiconductors or photoconductors, which must
be added in quadrature in the same fashion as amplifier noise.

2.0 PROCEDURE

The Grating Storage Camers Tube has several gain mechanisms
that can be employed to improve the signal-to-noise ratio obtainable.
Figure 1 shows the sequence of gain mechanisms for the normal reading mode
of the Grating Storage Camera Tube, and includes in b) and c¢) an assessment
of the gains affecting the signal and reading beam branches, réspectively.
In like fashion, Figure 2 depicts the Vidicon reading mode for this tube.
In both cases, the two branches shown each contribute noise: one branch
noise contribution stems from the incoming photoelectrons and the physical
processes they undergo; the second stems from the reading beam and the
physical processes the reading beam electrons undergo. These two sources
of noise are added in quadrature to the Johnson-Nyquist and amplifier
noises.

*Equation (1) follows from (&) if 0, = (pq) and T = ¢, so that

——

@Z)lnm_ = K(p%)r{(p%)r +r + 1} = ﬁp‘%‘r‘ +ﬁp%r"+ﬁm)r~.
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As implied in the two figures, we shall consider two general
cases: The signal-to-noise ratio when the Image Orthicon return beam
and electron multiplier is used, called the orthicon mode of reading; and
the signal-to-noise ratio when the signal is taken from the target, called
the vidicon mode of reading.

3.0 TUBE GAIRS
3.1 EBIC (Electron Bombardment Induced Conductivity)

This gain mechanism has a measured value of 7: i.e., for each
incident photoelectron, seven electrons are discharged through the dielectric
to the target base metal. G- 1= T, therefore.

3.2 ELID (Electron Latent Image Development)

It is possible to invoke another gain mechanism, that of
Electrostatic Latent Image Development.* In this method, the charge pattern
deposited upon the grating storage target is exposed to a flood beam of
electrons having an energy corresponding to the first crossover. The parts
of the target positive in voltage to this point become more positive, and
those points negative become more negative, thereby effecting a gain. This
galn depends upon the time of development (or exposure to flood beam
electrons) and has a typical value of 10 for long time constant dielectrics.
Therefore J, = 10.

3.3 Reading Gein
A unique feature of the grating storasge target is its triode

modulating characteristic. That is, the reading gain is determined not
only by the electrical storage capacity of the target, but also by the

*
Appendix D
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reading beam current. As in any storage tube, a voltage difference of
e/Ce ¢z 1s developed for each resolution element per electron stored or
removed from the dilelectric surface. The triode characteristics of the
target (Figure 3) imply that a certain fraction of the incident beam is
returned or collected per volt of target potential difference. This
fraction can be called the mutual transconductance factor of the target,
8m and has the dimensions of reciprocal volts.

The mmber of electrons affected by this potential difference
of adjacent resolution elements in turn depends upon the reading beam
current I, , and the scanning time for a resolution limit, T ; and is
given by

N- - —_h&w/éec eyrcstl - IbT dexJ‘\rons ( 5)
e Coolf, 4 e res . elewm.

In normal TV practice, the scanning time of a resolution
element T , is related to the bandwidth by

elee.,
Tsey 4 = kdi_u& § Gules 9 where k= ;rcej; le ( 6)

The factor R can vary, however, depending upon the demands of the system.*
In the general case, equation (5) becomes: )

vl I led' [
N = SRE Ve.eb ) (D

Where N expresses the mmber of incident reading beam electrons, of which
g€, are reflected (or do not get to the target), due to a small potential
difference of € 75 /61 ; where 73 is the number of stored photo-
electrons per resolution element. The number of beam current electrons
reflected or absorbed as the result of the signal is therefore

*Reference 43 and Appendix B
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_ - 9.1, .
Ly = }(.s éLZé 3

which implies that the reading gain 0_3 , is

"~ ]:b
Coo k£

If ve assume a target base to cathode voltage of +11 volts and a
dielectric to cathode voltage in the range of O to -2, the value of &p is
approximately 0.2 fvolt)™t. (Figure b) For Cy = 35 x 10~15 farad, and
£, = 6.25 x 10* cycles/sec.

G, = (8)

o;:@.cmxlo*%. (9)

3.4 Multiplier Gain

In spite of the additional work involved, the writer prefers to
consider the multiplier in terms of a sequential gain process and include it
in the overall noise calculation. In general, the gain of the first dynode
is low, and 1t will be taken as &, = 0.8. The succeeding dynodes will be
considered as having their full gain, §, = 83 = Sh = 85 =k,

3.5 Beam Current

In addition to the small signal modulation factor gy, the target
also returns or absorbs, without destroying the stored signal, an amount of
the incident beam current depending upon the operating point of the target.
For the operating point given in 3.3, the fraction of beam current returned
to the multiplier is Gy = 0.64 (obtained from Figure 3), and the fraction
of beam current collected by the target is (1 - GR) = 0.36.

Electronic Tube Division
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3.6 Johnson-Nyquist and Amplifier Noise

Westinghouse @—

The combined expression for the noise current of the input load
resistance and amplifier is rederived in Appendix A and expressed in terms
of the input load resistance R; and the Equalization Ratio M .

Electronic Tube Division
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4.0 COMPUTATION OF SIGNAL

k.1 Vidicon Mode Reading

As a result of the various signal gains in the tube, for every
incoming photoelectron per resolution element i 3 -Z-v" beam electrons
arrive at the input to the amplifier according to the relation

2= G aG A X (1)

where: O—l, 0_2, 0_3 are the gains of the physical processes
occurring in the tube,

A, 1is the aperture or spatial response of the tube
taken as 0.5 for the 25 micron resolution
element (Figure 5),

Af is the effect of the electrical low-pass filter
on the pulse amplitude. If = 2 element/cycle,

A, = 0.86 (See Appendix B)

The signel current at the output of the tube is therefore

] —_ e =

((’Sym = T ZVH S where: T :_E,*p_‘-_ (12)

so that (i) = kefiaoia A, A, 7’ (13)
L.2 Orthicon Mode Reading

The additional gain provided by the electron multiplier leads
to

—Z-on = (070_10-3 Ay A;) 8, g,_gbg“ 85; ( 1L )
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2.0 COMPUTATION OF NOISE

5.1 Signal Noise
5.1.1 Signal Noise - Vidicon Mode of Reading

sice (A2 = (9 Gi0y Goic, +0ia; + G341 ( 16)

the noise current is

or
i = ek cJeas (Goe, vaioy vopn), (17)

for a three-gain system, with ELID,

and
(ACQ:M = elklfo f g, 0y CO‘,CT3 +G, +1) (18)
for a two-gain system.
5.1.2 Signal Noise - Orthicon Mode of Reading

Here we must take into account the dynode gains as in Section 4.2.
The complete expression is (including ELID)

@io = kL) oo 8646 (00005068 + wa805,58
G55 0l r 695,98 ¢5,8,9,5 +8.5,5, +8,8 «9.+1)
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since Sl ;4 ?2 = 93 = S)h = 8)5 the above can be simplified to

Bi), = R T oog 800 a8 +aa, 88

OM-Eup
tan 854 + 5,09 4—914 +82s S’L2+S',_'+l) (19)
with ELID ;
and 7z v 2 - 2 ;_Q 277 4 49 4 4_
@B, = e BB gatieo88f o580 +5,8
+89 +832 £S5 +1)  (20)
without ELID.
5.2 Reading Beam Noise

The number of beam electrons incident upon a resolution element
is the beam current Ib times the scanning time T and the scanning time
is given by (5). Therefore

= Ih Csogué ’r s:fﬂ[ = Ih C/[C.c_{‘r,
N, & coul/dz;:.\ e Rl elemedt (5)
5.2.1 Vidicon Mode of Reading
iy, = e L N (1-6)[(1-6) 1] (21)
Simplifying
By, = ek LT, (1-6)(2-60) (22)
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5.2.2 Orthicon Mode of Reading

i), = [eRAIT 16,584 6857 +6 57 +5% 52482 840( 23)

5.3 Johnson-Ryquist and Amplifier Noise

Substituting in equation (10)

(kT) (for 300°K) = 0.026 eV

R =3 102 ohms

R = 10° ohms 5 ( 24)

M =11.8

£, = 6.25 x 10k cycles/sec

/
glves

(A(h)l = 105 X10™™ (amp)* (25)

5.4 Priming Noise

Priming consists of charging the target to some negative potential
Vp by means of deposition of electrons by a scanned or flood beam. If this
process is based upon the minimum time required to deposit —-VL electrons
upon a resolution element by a current Ip , an 1ndeteminacy is inevitable,
and noise will be contributed. If this process is allowed to come to an
equilibrium so that the dielectric is charged to cathode potential with
respect to the positive metal grating, it can be expected that the
fluctuation of charge upon the target will be very small. One way to
look at it, is to consider a floating grid triode?é/ where the noise is
given by

- : - T) _ 0.0
(‘A%\ = 4(& 44 ; Wheres P& = %T:(‘._ ___i__l_lL

Electronic Tube Division
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and Il is the grid current produced by electrons arriving at the grid.

Assuning a good dielectric and a good vacuum (and therefore no ion bombard-
ment ) I, can be very small (<< 0.1 microamp) and consequently this noise
contribution under the above conditions* can be neglected. We shall assume

that this is generally the case.

5.5 Computation of Total Noise
5.5.1 Vidicon Mode of Reading
Th - = _ 77 o ] C L
(A('WT)'V'H - (AOS)VN + (\A(JB)IVH + (A(I“l) ( 26 )

For ( i’s ))!;n we have two cases: with and without ELID.

5.5.2 Orthicon Mode of Reading
By = @O, + B, s 6i)

Again, for ( és );“ we have two cases: with and without ELID.

*
Hybrid conditions might be postulated; a fast scan, depositing enough
electrons to charge to an intermediate voltage and a slow scan to bring
the priming voltage to equilibrium conditions.
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6.0 PARAMETRIC EQUATIORS

The signal-to-noise ratio is defined as

€

(s/N) = Ls (27)

z M 1
A (‘Tor S /2_

where ( ()3 ) is defined by the appropriate expressions given in Section 4.0
and (Ai.m.)2 by those given in Section 5.5. Since it is always possible to

divide out the gain terms in expression ( 27 ), it can be simplified to

(s/W) = ZC , (28)
(ot £ +3)4

In equation ( 28 ), the term o would include the effects of all the gain

processes in the tube, including those of aperture response and electrical

filter response, and would have a minimm value of 1. The term (3 would

consist of the beam shot noise and amplifier-Johnson-Nyquist noise,

modified by the tube gains. The asymptote to equation ( 28 ) can be

determined quite easily for representative values of OL.and (3 s Eiving

Figure 6. Figure 6 could give a quick estimate of the signal-to-noise

variation as a function of photoelectrons incident upon a storage resolution

element 52 » knowing the tube gains, and from these calculating the values

of X and (b . From the results of the previous sections, the values of

A and (} can be expressed in terms of the parameters of the tube.

Table I is a compilation of the ol and (3 factors expressed parametrically,

ard Table II is a definition of symbols used in Teble I.
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TAELE I

Parametric Equations of Signal-to-Noise Ratio
In the Form

(oL + @)

Vidicon Mode of Reading

1,k
X = (A Aﬂl( *Z G,‘arb’
@ = eﬂc,,Ibl(OTaAyA ¥ [ (1- Qa)(l-Gg) + ezé:*\i]

Orthicon Mode of Reading

a =, 1(I b ot kr‘u)
(A,,A;;) Y G,aTl,
Gor ]

|
B = crnarar |k GeGeen) el 559

V:idicon Mode of Reading with Electrostatic Latent Image Development (ELID)

A -
Y ”fc)l (l BTN Gt:ag)
l -
@ T eET.(GoiakA) [ﬂi('*ég)(w.qh __‘66 nL) J

<
Orthicon Mode of Reading with Electrostatic Image Development (ELID)

_ | 0 L Al )
% ZAyA’{_l (I +OT {’G:G- + G_,O_;&j:b

- J Q L;S“
(3 - e{lc,IbCOTG;aAyM:)" I:kGRCGR+rM)+ e@brb(g'y)’;l
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TABLE II

DEFINITION OF SYMBOLS

(s/W) Signal-to-noise ratio

Average mumber of photoelectrons per resolution element incident
upon the storage target during an integration time.

Average number of electrons per resolution element stored on
the target.

Electron Bombardment Induced Conductivity (EBIC) gein.
Electrostatic Latent Image Development (ELID) gain.
Reading gain, expressed by

, R

Q9 TN~

&n Mutual transconductance factor of the target. Obtained from
reading transfer characteristics (Figure 3.4). Dimensions are
reciprocal volts.

Ib Reading beam current, amperes.

Qe Electrical capacity of a resolution element, farads.

‘Z Number of resolution elements per cycle of bandwidth.

fc Bandwidth in cycles per second.

T Scanning time of a resolution element, in seconds per element.

G-

Factor related to the reading gain G 3 expressed by

a gm sec-elem.

T, f, coul-cycles

1 Gain of first dynode
P 83..85 Gain of subsequent dynodes
e Electronic charge, 1.6 x 10~19 coul/electron.

Af Effect of electrical low-pass filter on the pulse amplitude
Appendix B).

A, Aperture response or spatial frequency response of the tube
(Figure 5)

T"M Noise factor associated with the multiplier, defined by

FTM=1+1+1 1,1

1
8 1 8‘l 82 S’l 8)22 81223 S'l S’;E

Electronic Tube Division

147



Westinghouse @—

TABLE II (Continued)

(ALD* Johnson-Nyquist and amplifier noise (compensated) defined by
equation ( 10 ).
M Equalization ratio, defined by
M =2TC ¢ e B Cy
Rj_ Load resistance at output of tube, ohms.
Ci Shunt capacity of tube output and amplifier input, farads.
Rt Equivalent series noise resistance of amplifier.
(k. T) Equipartition energy.
GR Fraction of beam current returned to multiplier by the grating

storage target. Obtained from Figure 3.
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APPENDIX D
Electrostatic Latent Image Develoment

In the Westinghouse Special Electron Devices Laboratory, we have
invented an electronic process called Electrostatic Latent Image Development
for which a patent has been applied, but there is as yet no formal paper deal-
ing with this.

Most storage tubes require more electrons to be stored per resolvable
element, in order to produce a sufficiently strong potential pattern to modu-
late the reading beam fully, than are required to carry the signal information.
For example, a signal-to-noise ratio of stored signal charge of 100 may be ob-
tained with as few as 105 electrons/element in the maximum signal. But 105
electrons on a typical elemental capacitor provides a voltage change of less
than 0.1 volt, only 1% of that required to modulate the reading beam by the
maximm possible amount. Hence, the writing speed can usually be Jincreased by
as much as 100 if a prestorage charge gain of 100 is made available. Direct
secondary emission generally cannot provide as much gain as 10. Electron bom-
bardment induced conductivity can provide gains up to 100 on short time constant
semiconductors, but not more than 10 on good, long time constant dielectrics.

Electrostatic Latent Image Development has been demonstrated to pro-
vide a charge gain as high as 100. The process consists of bombarding the
target, upon which a charge pattern has previously been stored, with a uniform
flood or a uniform scan of electrons. The landing energy of these flood elec-
trons is chosen to be on the negative slope of the secondary emission current
curve, so that they have an energy per electron about equal to the voltage of
the first crossover point of secondary emission. The incident flood or de-
velopment electrons will have more or less energy upen landing in accordance
with the stored potential pattern. At a region on the target which is only
slightly below first crossover, the secondary emission ratio is only slightly
below unity and electrons are deposited at only a slow rate. At another region
on the target which is considerably below first crossover, the secondary emis-

sion is considerably below unity and electrons are deposited rapidly. Siniilarly,

Electronic Tube Division

149



N - E Egh B EEEEEygEEEENE-n

Westinghouse @—

at a region on the target which is only slightly above first crossover, the
secondary emission ratio is only slightly greater than unity and electrons are
removed slowly. At a region on the target which is considerably above first
crossover, the secondary emission ratio is considerably greater than unity and
electrons are removed rapidly. Thus during the time of development electroms
are deposited or removed in greater or lesser amount according to the potential
pattern already stored and in such a proportional manner that the potential
pattern is enhanced.

The gain process is exactly that used in a dynatron oscillator, and
stems from the negative resistance of this portion of the secondary emission
characteristic. '

The process must be carefully limited in the time of its application,
else it will go to equilibrium.

Since electrons are deposited or removed in proportion to the number
already stored, this is a pure gain process. Thus the process is a gain term
for both the stored signal and the stored noise. No new information is added
in the development process; but since the fluctuation in the number of electrons
added is equal to the square root of this number, being a partition noise, the
total noise is no greater than it would have been had all the electrons been
deposited by the writing means. Therefore, the signal-to-noise ratio is no
worse, and no information is lost by this development means. The process is
very much analogous to the photographic development process.

Any dc shift in target‘voltage mist be compensated by a corresponding
shift in a reading bias voltage, for example, that of the reading gun cathode.
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APPENDIX E

Crossed-Filament Light Source

Figure E-1 is an outline drawing of the crossed-filament light
source used in the experimental investigation of the SEC-Vidicon beam
berding. Basically, it consists of two separate crossed wires and two
fiducial wires bracketing the crossed wires. Each 1 mil tungsten wire can
be heated to a different brightness, although the outer fiducial wires
are normally kept at some non-critical brightness and determine the
linear extent of the display on the A-scope. Blackened light asbsorbing
shields are provided to eliminate errors due to stray light reflectance.
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Figure E-1., Crossed Filament Light Source
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